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3Chapter 1
Stereoselective alcoholysis of three-membered heterocycles with phenols
1.1 Introduction
1.1.1 Ring opening of three-membered heterocycles with oxygen nucleophiles
Epoxides and aziridines are widely utilized as versatile synthetic intermediates and are
considered as “spring-loaded” rings for the nucleophilic ring-opening.1 Their reactions are
dominated by the electrophilic nature of these heterocycles, generally involve the clevage of
the strained three membered ring, and include a wide range of nucleophilic ring-openings to
give ß-substituted alcohols and amine. In particular the ring-opening reaction of epoxides
using O-nucleophiles (alcoholysis) represents a valid synthetic tool for the synthesis of ß-
hydroxyethers, valuable intermediates in a variety of pharmaceuticals.2 In this field a
interesting example, reported by Mioskowski and co-workers, is given by the synthesis of (-)-
Muricatacin, an acetogenin isolated from a worldwide family of tropical plants called
Annonaceae having activity as antitumoral agent, where a ring opening reaction of a vinyl
epoxide represents the key step.3 (Scheme 1.1).
Scheme 1.1 Synthesis of (-)-Muricatacin via stereoselective ring-opening with O-
nucleophiles
In general, the reaction of three-membered heterocycles such as epoxides and aziridines
with alcohols is quite difficult mainly because oxygen nucleophiles behave as poor
nucleophilic reagents in substitution processes.4 Nevertheless, the use of strongly basic or acid
conditions or metal-catalyzed reactions are well-estabilished methods to obtain the
corresponding ring-opening processes, which usually occurs in an anti-stereoselective way.
With regard to the use of phenols in the ring opening reaction of oxiranic systems, in the last
few years several methodologies, both non-catalytic and catalytic processes, have been
developed.
O
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4In the field of non-catalytic approches to this kind of substitution processes, a very
interesting work has been reported by Rama Rao and co-workers.2 Here the authors took
advantage of the use of cyclodextrins and their ability to catalyze chemical reactions with
high selectivity. Cyclodextrins (CD) are cyclic oligosaccharides possessing hydrophobic
cavities which, binding substrates through the reversible formation of host-guest complexes
as a noncovalent bonding as seen in enzymes, are able to promote chemical transformations
such as the ring opening reaction of epoxides. In this work the typical reaction was carried out
in water by the in situ  formation of the CD complex of epoxide followed by the addition
phenoxide at 60°C to give the corresponding ß-hydroxy ethers with very good yields and high
anti-stereoselectivity (Scheme 1.2).
Scheme 1.2 Cylodextrins-Promoted ring opening reations of oxiranes with phenoxides.
It should be noted the high regioselectivity of this ring opening reaction: using also styrene
oxide as starting epoxide the attack of the nucleophilic moiety occurs exclusively at the less
hindered position notwithstanding the marked electrophilic character of the benzylic position
of the epoxide.
In the last decade also several catalytic approches for the ring-opening reaction of
epoxides with phenols have been described. In this field impressive results have been
achieved by Jacobsen and Ready by the use of the well-known metal-salen complexes.5
Considering the extraordinary ability of this kind of catalysts in the hydrolytic kinetic
resolution of terminal epoxides,6 the authors tried several combinations of metals and chiral
ligands finding in the use of (t-Bu-salen)Co(OC(CF3)3 (1.3) the best compromise for the
kinetic resolution of terminal epoxides of type 1.4 via enantioselective ring-opening with
phenols (table 1.1).
R
O
1.1
ß-CD / H2O
ArONa / 60°C
R = Aryloxy, aryl, hexyl
Ar = C6H5, p-Cl-C6H4, p-OMe-C6H4
R OAr
OH
1.2 yields = 77-96%
5Table 1.1. Kinetic resolution of terminal epoxides with Phenol.
Entry R Equiv. 1.3 Temp (°C) Yield (%)a Ee (%)
1 (CH2)3CH3 (1.4a) 0.044 25 97 98
2 CH2Cl (1.4b) 0.044 -15 97 99
3 CH2O(allyl) (1.4c) 0.044 4 93 97
4 c-C6H11 (1.4d) 0.088 -15 99 97
5 C(O)CH2CH3 (1.4e) 0.088 -20 96 96
6 CO2CH3 (1.4f) 0.044 -20 98 96
7 C6H5 (1.4g) 0.044 -25 n.d n.d
aIsolated yield based on phenol.
Looking at the table two things should be considered: the high enantioselectivity of this
process also the use of a very low amount of catalyst further proving the efficiency of these
catalytic complexes in the asymmetric ring opening reaction of epoxides. However, when the
terminal epoxide was styrene oxide, the reaction resulted in a mixture of the regioisomeric
ring-opened products. This is due to the competition for the attack of the O-nucleophile
between the less hindered position of the oxiranic system, the usual site of this alkylation, and
the electrophilic benzylic position.
In the complementary field of the enantioselective desymmetrization of meso-epoxides
with phenols, a significant result was described some years later by Shibasaki and co-
workers.7 Several symmetrical epoxides such as cyclopentene and cyclohexene oxides reacted
in toluene with p-methoxyphenol in the presence of gallium based chiral ligands to give the
corresponding hydroxy phenols in interesting yields and, in some cases, very high
enantiomeric excess (Scheme 1.3).
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6Scheme 1.3 Enatioselective ring-opening of meso epoxides with p-methoxyphenol.
With regard to the mechanism the authors assumed that gallium metal center would act as
Lewis acid and activate epoxides (I), while at the same time, the lithium binaphthoxide
moiety would function as Brönsted base to activate the phenol (II) as summarized in Scheme
1.4. Activated nucleophile would then react with epoxide to give (III). Proton exchange
between gallium alkoxide and the aromatic hydroxyproton coming from the phenol leaded to
the epoxide opening adduct and regeneration of catalyst.
Scheme 1.3 Working model for the ring-opening of cyclohexene oxide with phenols catalyzed
by heterobimetallic complexes
However, despite this significant results, it should be noted that the analyzed reaction gives
high level of enantioselectivitiy only using an important amount (20 mol%) of this very
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7complex gallium-based catalytic system, thus revealing the limitated efficiency of the
described synthetic process.
It should be noted that the ring opening of small ring hetocycles with poorly
nucleophile o-benzenediol (cathecol) represents an almost unexplored area. In literature
nowdays there is only a representative example of this particular transformation which, by the
use of very harsh basic conditions (NaH, EtOH, cathecol, reflux), permits the obtainement of
the corresponding hydroxy phenols with fair to good yields and with high ant i -
stereoselectivity.8 (Scheme 1.5).
Scheme 1.5 Ring-opening reaction of epoxides with cathecol in basic conditions.
Vinyl epoxides are commonly used starting materials in organic synthesis. Despite they
are only moderately active alkylating agents under classical displacement reactions, they are
extremely reactive in the presence of some transition metal catalysts.9 There are few reports
regarding the ring opening of vinyl epoxides with oxygen nucleophiles. In this field, Lautens
reported a mild rhodium-catalyzed reaction of vinyl epoxides with alcohols and amines,
which occurs at room temperature with excellent anti-stereo- and 1,2-regioselectivity.10 In this
work the reactivities of several alcohol nucleophiles were examinated. Considering the model
reaction carried out using cyclohexene monoepoxide, it could be observed the high efficency
of this reaction condition with both primary and secondary alcohols while phenol gave the
corresponding ring-opened products with a lower yield (Table 1.2).
Table 1.2. Rh-catalyzed reaction of various alcohols with cyclohexene monoepoxide.
Starting material Product Yield (R)
94% (Me)
92% (Et)
94% (iPr)
55% (Ph)
R R
1O
OH
OH
NaH
EtOH / reflux R
R1
O
OH
HO
R = R1 = aryl, alkyl
+
O
OR
OH
8Regarding the reaction mechanism, there are two possible roles that rhodium might be
playing: it could act as lewis acid, or it could insert into the carbon-oxygen bond to produce a
π-allyl rhodium intermediate. However, since cyclohexene and styrene oxide didn’t react in
these conditions, it can be observed that the presence of an olefin was required for the
reaction, thus indicating that the rhodium was likely not acting as a Lewis acid.
One of the very few examples of the asymmetric ring opening of vinyl epoxides with
alcohols was reported by Trost in 1998.11 Butadiene and isoprene monoepoxide reacted at
room temperature with several alcohols in the presence of catalytic amount of
Pd(dba)3⋅CHCl3, the chiral ligand 1.5 and triethylborane to give the corresponding ring-
opened products in high enantioselectivity (Scheme 1.6).
Scheme 1.6 Boron-Palladium co-catalyzed asymmetric addition of alcohols to vinyl epoxides.
Even if the treatment of isoprene monoepoxide with trimethyl borate in the presence of the
described palladium catalyst and ligand 1.5  gave the corresponding ring-opened product in
good yield (80%), the presence of a catalytic amount of borane was crucial for the high
enantioselectivity of the reaction. It also should be considered that indipendent experiments
shown that trialkylborates didn’t react with this kind of epoxides in the absence of a
palladium catalyst.
The last topic of this introduction concerns the behaviour of aziridines in the reaction
with O-nucleophiles. While the ring-opening of N-sustituited aziridines with several
nucleophiles such as amines12 and azides13 has been well studied in the last few years, the use
O-nucleophiles in this kind of process remains quite limited. Recently, Singh and co-workers
reported a Lewis acid-induced ring-opening reaction of several N-Ts substituited aziridines
with alcohols, which occurs at room temperature to give the corresponding N-protected
amines in high yields14 (Scheme 1.7).
NH HN
ArAr
OO Ar=
Ph2P
O
R
+ R1OH
1.5
Pd(dba)3 CHCl3 (1.0 mol%)
1.5 (3.0 mol%), (C2H5)B (1.0 mol%)
THF, r.t
OR1
R
OH
ee  up to 98%R= H, CH3 10 equiv.
9Scheme 1.7 Lewis acid-induced ring opening of N-tosyl aziridines with alcohols.
Despite the good results obtained using alcohols, it should be noted that phenols could only
cleave aziridines under microwave irradiation and however the desired ring-opened products
were obtained with considerably lower yields.
Very recently, Ghorai and co-workers reported an acid-catalyzed ring-opening of
optically active 2-aryl-N-tosylaziridines with alcohols.15 In particular, the use of a
stoichiometric amount of Cu(OTf)2 in the ring-opening of this class of aziridines with O-
nucleophiles allows the obtainment of the corrisponding alcohoxy amines with very good
yields, complete regioselectivity at benzylic position and very high anti-steteoselectivity
(Scheme 1.8).
Scheme 1.8 Cu(OTf)2-Promoted ring opening of N-tosyl aziridine of styrene with alcohols.
However, it should be noted that this reaction proved to be effective only using primary
alcohols while the use of phenols in this reaction conditions was not described.
To sum up, it can be observed that a truly pratical, general and highly regio- and
stereoselective method for the ring-opening of three membered heterocycles with phenols has
not been discovered so far. For this reason we tought to explore the possibility to develop a
new stereoselective ring-opening of epoxides and aziridines with phenols and we found that
triarylborates represent very useful reagents in this particular synthetic transformation.
NTs + ROH
Lewis acid (10 mol%), rt
NHTs
OR
yields up to 98%
NHTs
Cu(OTf)2 1.0 equiv. NHTs
OR
R-OH
yields= 76- 90%
er up to 96/4R= Me, Et, Allyl, Propargyl
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1.1.2 Arylborates
Aryl borates, otherwise called triaryloxyboranes, are simple and easily-available compounds
and they can be prepared by several methodologies using a “boron source” and the
corresponding phenol  (scheme 1.9).
Scheme 1.9 Possible approaches to arylborates.
This class of compounds has been studied since the fifties when, in the field of research on
“boron polimer”, several synthesis of aryl borates were carried out using phenols such as
cathecol, phenol and resorcinol in association with boron trichloride.16
Nowadays arylborates represent a versataile kind of organic reagents and they are used
in several manner in a variety of synthetic transformations. First of all they can be used as
catalysts and, in this field, an interesting examples was given by the use of triphenyl borate in
the asymmetric synthesis of (-)-chloramphenicol.17 This catalyst, obtained after the reaction of
triphenyl borate with chiral diols such as (-) Binol, (-) Vapol, (-) Vanol, etc, allowed the
formation of the aziridine described in the Scheme 1.10 by a catalytic asymmetric
aziridination using the benzhydryl imine of p-nitrobenzaldehyde and ethyl diazoacetate. It
B O
O
O
R
R
R
BCl3
OH
R
substituition
reaction
OH
R
BH3
Acid-base
reaction
B(OH)3
OH
R
esterification
B(OR)3
OH
R
transesterification
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should be noted that this aziridine represents a crucial intermediate in this synthetic process
for the synthesis of (-)-chloramphenicol in an enantioenriched form.
Scheme 1.10 Enantioselective synthesis of (-)- chloramphenicol with triphenyl borate-based
catalyst.
Te use of borates as catalysts can be observed also in industrial of polimers. In a patent
of 2001 the use of a particular borate, 3,4,5,6-tetrachlorocathecol-butyl-borate, for the
synthesis of a polymer made with repeated units of THF was described.18
Next to these efforts, arylborates are also employed in synthetic transformations where
it’s used their ability to deliver an aryl moiety. In this field, the synthesis of aryl-O-glycosides
is very interesting.19 Acetyl glycosides reacted with triphenyl borate in the presence of
catalytic amounts of Yb(OTf)3 to give the corresponding aryl-O-glycosides in very good
yields (Scheme 1.11).
Scheme 1.11 Synthesis of aryl-O-glycosides by the use of aryl borates.
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The efficiency of this process could be observed also considering the lower yields obtained
using phenol instead of the previously described borate.
The described ability of this kind of borates to deliver a aryl moiety can be recognized
also in the synthesis of hydroperoxyacetals.20 (Scheme 1.12).
Scheme 1.12 Synthesis of hydroperoxyacetals.
Looking at the scheme, it should be noted that, while the use of methanol gave satisfactory
results as well, with regard to weaker nucleophile such as phenol the use of the corresponding
borate was crucial for the obtainment of the desiderated product with accepptable yields.
With regard to the mechanism, the authors assumed a first coordination between boron and
the oxygen of the carbonylic oxide followed by the intramolecular transfer of the nucleophile.
This is very interesting because it demontrates the possibility to link the important
coordinating property of the boron and its ability to deliver weak nucleophiles, a fundamental
aspect which has been extensively exploited during my doctorate.
O3
ROH or
B(OR)3
Yield %
MeOH=  66%
B(OMe)3= 27%
PhOH= 16%
B(OPh)3= 50%
OOH
OR
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1.2 Results and discussion
1.2.1 Ring-opening of epoxides with arylborates
The importance of the ring-opening reaction of small ring heterocycles with O-
nucleophiles has been widely discussed in the introdoctury section. While the use of alcohols
in the reaction with epoxides is nowadays well-documentated, the use of phenols usually
presents several problems such as low yields,10 the necessary use of strong acid/ basic
conditions3,8 or large amounts of metal-based catalysts.7 For these reasons, the development of
a mild and general protocol for the stereoselective ring-opening of small ring heterocycles
with phenols represents a valuable target in the modern organic synthesis.
Our study began after the unexpected result of the reaction of 1,3-cyclohexadiene
monoepoxides with alkenyl boronic esters in the presence of Ni, Pd or Rh-based catalysts. In
this case we didn’t observe the expected 1,2 or 1,4 addition compounds deriving from the
formation of a new C-C bond, but the compound 1.6 as a consequence of a syn-stereoselective
attack of the oxygen of the cathecol moiety on the allylic position of oxiranic system (Scheme
1.13).
Scheme 1.13 Reaction of 1,3-cyclohexadiene monoepoxide with alkenyl boronic esters.
It should be noted the interesting the unusual syn-stereoselective pathway of this reaction. In
this case we observed the formation of only c.a 5% of the anti-stereoisomer deriving from a
normal ring-opening of the vinyl epoxide with inversion of configuration. While the syn-
stereoselective ring-opening of vinyl epoxides with alcohols has been already achieved by the
O
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B
n
HO
n
HO
n
1,2-addition 1,4-addition
OH
O
OHSyn-stereoselective 
attack of the catechol
1.6
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use of a Pd(0)-catalyst and stannyl alkoxides,21 an analogous reaction using phenols has not
been observed so far, thus revealing the synthetic importance of the previously described
finding.
Based on this promising result, we thought to continue our study using the simple,
cheap and easy-available arylborates instead of boronates.22 In particular we wanted to exploit
the described particular coordinating property of boron and its ability to deliver the aryl
moiety to the electophilc counterpart (see section 1.1.2). For the first reaction, we used 1,3-
cyclohexadiene monoepoxide and cathecol-butyl borate (1a), a simple compound which can
be easily prepared by a transesterification reaction using tributyl borate and cathecol followed
by distillation. The choice of these reagents was made in order to compare these results with
those obtained by the use of the corresponding boronate. With our pleasure we observed that,
also in this case, we were able to obtain ring-opened product 1.6  with complete
regioselectivity and high syn-stereoselectivity (d.r 94/ 6) (Scheme 1.14).
Scheme 1.14 Reaction of 1,3-cyclohexadiene monoepoxide with cathecol butylborate.
In this way several vinyl epoxides were tested in the reaction with cathecol
butylborate 1a and the commercially available triphenyl borate 1b. Also in this case
the reactions were carried out in THF, at room temperature and the results are shown
in the Table 1.3
O
+
O
O
B O 2
OH
O
OH
1.6
THF, rt
OH
OH
+ B(OBu)3
Toluene, 110°C, 18h
O
O
B
O 2
Cathecol butylborate
syn/ anti= 94/6
yield= 63%
1a
1a
15
Table 1.3 Reaction of vinyl epoxides with aryl borates.
Entry Substrate Borate Time Product (Ar=o-OH-C6H4) (yield %) Syn/anti
1 1b 1h 1.7
(65)
92/ 8
2
1a 3h 1.8
(38)
74/ 26
3 1a 1h 1.9
  (44)
n.d
4 1a 3h 1.10  (44) n.d
Looking at the table, it can be observed that these reaction conditions are also applicable to a
good variety of oxiranic systems although the best results were obtained using
cyclohexadiene monoepoxide as starting substrate. It also should be noted that the application
of an alternative procedure based on the use of BF3·Et2O as catalyst, succesfully described for
the addition of alcohols to vinyl epoxides,3 gave unsatisfactory results when applied by us to
vinyl epoxides in the addition reactions of cathecol and phenol. It is worth explaining that the
stereoselectivity of the reactions described in the Table 1.3 was confirmed after comparison
between 1HNMR, 13CNMR spectra of the ring-opened products 1 . 6-1.7 with the
corresponding trans-aryloxy alcohols obtained following procedures reported in literature10 or
standard protocols for the ring-opening of epoxides under basic conditions (for all details see
experimental section).
Because the particular regio- and stereoselective outcome of the reaction of vinyl
epoxides could be reasonably ascribed to a ring-opening under electronic control, we decided
to apply the same reaction conditions to the ring-opening of aryl epoxides. Infact it is well-
known that the ring-opening of aryl epoxides catalyzed by Lewis acid is under electronic
control and occurs preferentially at the benzylic position. In this field, it is worth mentioning
the detailed studies concerning the ring-opening of aryl epoxide and the related regio- and
stereoselectivity carried out  over the years by Berti and co-workers at Pisa University.23
In a preliminary study, a completely syn-stereoselective ring opening was found in the
reaction of trans-stilbenoxide with borate 1a and 1b. It should be noted that in the case of
liquid borate 1b , the reaction can be carried out without a solvent obtaining the
hydroxyphenol 1.12 with acceptable yields and complete syn-stereoselectivity. Also cis-
O
O
O
OPh
OH
OAr
OH
OAr
OH
OH
ArO
O
16
stilbene oxide reacted in a satisfactory manner giving the desired 1.13 with a very good syn-
stereoselectivity (scheme 1.15). In this case as well as in the others ring-opening reactions of
β-sustituited aryl epoxides, the stereoselectivity was demonstrated making a comparison
between the products obtained with our protocol and the corresponding trans aryloxy alcohols
prepared following well-known procedures for the ring-opening of epoxides under basic
conditions (see experimental section for details).
Scheme 1.15 Reaction of stilbene oxides with aryl borates.
Although the syn-stereoslective ring opening aryl epoxides with alcohols has been already
described,23 it is worth mentioning that the protocol described above represents the first
example of syn-stereoselective ring-opening reaction of aryl epoxides with phenols.
After this promising result, we focused our interest in the behaviour of the styrene
oxide in the reaction with arylborates. In order to demonstrate the stereoselective pathway of
the ring-opening reaction, in this particular case the use of the optically pure epoxide was
necessary. The use of (R)-styrene oxide afforded in the reaction with borates 1a and 1b
respectively compound 1.14 and 1.15, deriving from the regioselective attack of the aryl
moiety on the benzylic position with a predominant retention of configuration (Scheme 1.16).
O
O
CH2Cl2, rt
CH2Cl2, rt
1b, 1.2 equiv
1b, 1.2 equiv
1a, 2.0 equiv
O
O
O
OH
OH
OH
OH
neat
1.11
1.12
1.13
syn/ anti= > 95/ <5
yield= 52%
syn/ anti= 81/19
yield= 50%
syn/ anti= > 95/ <5
yield= 62%
17
Scheme 1.16 Reaction of (R)-styrene oxide with aryl borates.
In this case the stereoselectivity of the reaction was observed after comparison between the
HPLC chromatograms of the ring-opened products 1.14 and 1.15 with the corresponding
trans-aryloxy alcohols obtained after the reaction of optically active styrene oxide with the
corresponding phenoxide at reflux (for all details see experimental section).
The rearrangement to the corresponding ketone can be a consistent side-reaction in the
Lewis acid-catalyzed ring-opening reaction of an epoxide. This behaviour was particulary
evident in the reaction of indene oxide with triphenyl borate 1b. When the reaction was
carried out using dichloromethane or THF an important amount of the undesired 2-indanone
was obtained with the expected aryloxy alcohol 1.16. In this case it was possible to
completely suppress this side-product by the use of DMF as solvent, giving the compounds
1.16 with a complete syn-stereoselectivity and very good yield (scheme 1.17).
Scheme 1.17 Reaction of indene oxide with triphenyl borate.
O
CH2Cl2, rt.
1a, 2.0 equiv.
O
CH2Cl2, rt.
1b, 1.2 equiv.
OH
O
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syn/ anti= 82/18
yield= 75%
syn/ anti= 81/19
yield= 81%
1.14
1.15
O
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CH2Cl2, rt
O
OH + O
Main Product
O
1b, 1.2 equiv
DMF, rt
O
OH
1.16
syn/ anti= >95/<5
yield= 70%
1.16
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Despite of this good result, DMF was found to be a unsuitable solvent for most epoxides
because it gave extensive formation of the corresponding trans diols, possibly due to borate
decomposition.
In order to prevent the formation of the rearrangement products, the introduction of an
electrowithdrawing group at the β-carbon of the oxiranic system is known to retard the
isomerization to carbonyl compounds.25 In this field simple trans glycidic esters, easily
available by Darzen reaction, attracted our attention. In this way several glycidic esters,
bearing both electron-donating or electron-withdrawing groups on the aromatic ring of the
epoxide, were prepared. The results of the reaction of these substrates with aryl borates 1a
and 1b are summarized in the Table 1.4.
Table 1.4 Reaction of glycidic esters with aryl borates.a
Entry Substrate Borate Time Product (Ar=o-OH-C6H4) (yield%)b Syn/anti
1 1a 3h 1.17
(82)
92/ 8
2 COOMe
O
1b 3h 1.18
                              (60)
>95/ <5
3 1b 4h 1.19
                              (20)c
>95/ <5
4 1b 2
days
- Nil -
5 1b 2
days
- Nil -
aAll reaction were carried out in THF. bIsolated yields of the syn-adducts after
chromatographic purification (SiO2). cObtained by preparative TLC.
As shown in the table, the ring opening of glycidic esters bearing an electron-donating group
(entries 1, 2, 3) with cathecol and phenol under this neutral conditions occured with complete
regioselectivity and high syn-stereoselectivity without any rearrangement side-reactions. On
COOMeO
COOMeO
MeO
COOMeO
O2N
COOMeOCl
COOMe
OAr
OH
COOMe
OPh
OH
COOMe
OPh
OHMeO
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the other hand, when the reaction was carried out using a glycidic ester bearing an electron-
withdrawing group on the aryl moiety (entries 4, 5) no formation of desired ring-opened
products was observed although the longer reaction times used.  It is also worth mentioning
that the ring opening  of glycidic esters with O-nucleophiles has not been reported before.
The lower yields obtained using triphenyl borate instead of cathecol-butyl borate (compare
entries 1 and 2 of the table 1.4) can be explained considering the formation of a side-product
as shown in the 1H NMR spectrum of the crude reaction mixture (figure 1.1).
Figure 1.1. 1HNMR spectrum of the reaction of the methyl 3-o-tolyl-oxirane-2-carboxylate
with triphenyl borate
After chromatographic purification of the more polar by-product, we discovered that it was
the C-alkylation product deriving from a Friedel-Crafts type process (Scheme 1.18). It should
be noted that also in this case the ring-opened product was obtained with a high syn-
stereoselectivity.
Unknown
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Product 1.18
COOMe
OPh
OH
 -CH-OH
 -CH-OPh
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Scheme 1.18 Reaction of the methyl 3-o-tolyl-oxirane-2-carboxylate with triphenyl borate.
The study and the development of this “parallel” process will be extensively discussed in the
next chapters.
When simple epoxide, such as cyclohexene and cyclopentene oxides, were allowed to
react with borates 1a,b in THF, a three component reaction involving the ring opening of
THF occured to give the aryloxy alcohol 1.21 or 1.22 and the formation of oligomeric product
in which more than one unit of THF molecules were incorporated (Scheme 1.19). It should be
noted that no reaction occured using dichloromethane as solvent.
Scheme 1.19 Ring opening reaction of simple epoxides with aryl borate.
This three-component reaction is reminiscent of the cleavage of cyclic ethers induced by
triacetyloxyboranes described by Yamamoto.26
Despite the good results obtained by the use of aryl borates, trialkylborates have proved
to be totally unreactive in these reaction conditions. This behaviour can be explained
considering that in triaryl borates there is a competion between the phenyl ring and the boron
atom for the electrondensity of the oxygen atom, the latter occurring by a pπ-pπ mechanism.27
As a direct consequence of this concept, the B-OAr bond is reasonably more polarized than
COOMeO 1b, 1.2 equiv.
CH2Cl2, rt
COOMe
O
OH
COOMe
OH
OH
+
syn/ anti= > 95/ <5
yield= 18%
syn/ anti= > 95/ <5
yield= 60%
1.18 1.20
anti/ syn= > 95/ <5
yield= 55%
O
O
1a, 2.0 equiv.
THF, rt
1a, 2.0 equiv.
THF, rt
O
OH
OH
O
O
O
1.21
1.22
anti/ syn= > 95/ <5
yield=60%
HO
HO
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the corresponding B-OR bond, thus making the boron of aryl borates more electron-poor. To
sum up, the final effect is to increase the Lewis acidity of the boron atom and in the main time
the more polarized boron-oxygen bond permits a better delivery of the aryl moiety to the
oxiranic system.
The fact that an adjacent unsaturation is mandatory to obtain a high level of syn-
stereoselectivity is a clear indication that the reaction is under electronic control. Probably in
the initial step the coordination of the boron to the oxygen is followed by a lengthening of the
C-O bond with an advanced formation of a carbocationic species as described in the Figure
1.2.
Figure 1.2. Plausible mechanism for the observed syn-stereoselectivity.
The internal delivery of the phenoxide anion, initially tethered to the boron atom, occurs
preferentially in an entropically favored intramolecular way from the same side of the
oxygen. Accordingly, whenever the development of stabilized carbocation is not possible, as
for examples with simple aliphatic epoxides, a complete anti-stereoselective ring-opening
reaction is observed.
1.2.2 Ring-opening of aziridines with organoborates.
As stated in the introductory section, it is known that phenols can cleave aziridines only
under the combined action of a Lewis acid catalyst and microwave irradiation, giving the
corresponding phenoxy amines with modest yields and an anti-stereoselectivity.14
In our study several aryl and alkyl N-protected aziridines, both simple and activates,
were tested. With regard to the ring opening of simple aziridines, the reaction of the Cbz-
protected aziridine derived from cyclohexene afforded, with borate 1b, the corresponding
trans α-phenoxy N-Cbz protected amine 1.22. When carried out in THF, a three component
reaction involving the ring opening of THF occurred,27 giving the new trans phenoxy(butoxy)
N-Cbz amine 1.23 with moderate yields (Scheme 1.20).
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Scheme 1.20 Ring opening reaction of N-Cbz aziridine of cyclohexene with triphenyl borate.
On the other hand, a completely syn-stereo- and regioselective ring opening occurred when N-
tosyl aziridine derived from indene was allowed to react with borates 1a and 1b even if an
important amount of the corresponding N-protected amino alcohol 1.26 was obtained (see
experimental section for details) (Scheme 1.21). It should be noted that the synthesis of the
described N-tosyl aziridine of indene was quite problematic because only after several
unproductive attempts28 we were able to synthetize the desired substrate using the I2-catalyzed
reaction of indene with cloramine-T reported by Komatsu and co- workers.29
Scheme 1.21 Ring opening reaction of N-tosyl aziridine of indene with aryl borates.
It is also worth mentioning that, in this case, the presence of adventitious water, able to
explain the formation of aminoalcohol 1.26, can be ruled out considering that the analogous
reaction carried out with distilled dichloromethane and in the presence of molecular sieves
afforded the same results summarized in the scheme 1.21.
A good syn-stereoselectivity was also observed when the Cbz-aziridine of β-methyl
styrene was employed, although in this case the regioselectivity an the benzylic position was
not complete (75:25, table 1.5 entry 1). On the other hand, the reaction of the Ts-aziridine of
anti/ syn= > 95/ <5
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CH2Cl2, rt
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O
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CH2Cl2,rt
 Ar                Yield         Syn/anti
 
 Ph                52%         >95 / <5
o-OH-C6H4    30%         >95 / <5
Ar = Ph, 1.24
Ar =o-OH-C6H4, 1.25
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+
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β-methyl styrene with tris(2-bromophenyl) borate 1c afforded the corresponding aryloxy
alcohol 1.27  with inversion of configuration predominating and with a complete
regioselectivity at the benzylic position (entry 2) Interestingly, when the same reaction was
carried out at low temperature (-78° C) the compound 1.28 was obtained with a higher anti-
stereoselectivity (entry 3).
Table 1.5. Reaction of N-Protected aziridines of β-methyl styrene with aryl borates.
Entry Substrate Borate Time Product  (yield %) Syn/anti
1 1b 2h, rt 1.27
(40)
85/ 15a
2 1c 6h, rt 1.28
(52)
25/ 75
3 1c 24h,-78°C 1.28
(55)
15/ 85
a The regioselectivity was 75:25.
A detailed study of the influence of the protecting group on the nitrogen on the
stereoselective ring opening of aryl aziridines with aryl borates was carried out using several
optically active styrenyl N-protected aziridines. These substrates were prepared from
commercially available (R)-(+)-styrene oxide (99:1 er) via azidolysis and subsequent
phosphine-mediated ring closure of the obtained azidoalcohols (Scheme 1.22).
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Scheme 1.22 Synthesis of enantiomerically enriched N-protected aziridines of styrene.
The crude NH aziridines were not isolated but were directly derivatized to give the
corresponding N-protected aziridines with no loss of optically purity.30 After chromatographic
purification, all these aziridines were tested in the reaction with triphenyl borate in
dichloromethane at –78°C (Scheme 1.23). The corresponding aryloxy ethyl amines 1.30a-
1.32a were obtained with complete regioselectivity with the attack of the phenol at the
benzylic position but, in this case, with a high anti-stereoselectivity (for the demonstration of
the ring-opening stereoselectivity see experimental section). Very interestingly, and in sharp
contrast with the behaviour of optically active styrene oxide (Scheme 1.16), it also should be
noted that a large amount of the Friedel-Crafts type compounds 1.30b-1.32b were obtained. A
detailed examination of this C-C bond formation will be presented in the chapter 4.
Scheme 1.23 Ring opening reaction of N-protected aziridines of styrene with triphenyl
borate.
Ph
O
(R)-(+)
Ph
NH
a) NH4Cl, NaN3
    MeOH / H2O,
    80°C, 90%
b) PPh3, CH3CN
      80°C
c) TsCl, NEt3, Et20
45% for two steps
d) CbzCl, NEt3, Et20
42% for two steps
e) Ph2POCl, NEt3, Et20
38% for two steps
Ph
NTs
Ph
NCbz
Ph
N
P Ph
Ph
O
1.29a
1.29b
1.29c
Ph
N
PG
+ B-(OPh)3
CH2Cl2
Ph NHPG Ph NHPG
O HO
1.29 a-c 1b
1.29a, PG=Ts                           -78°C, 16h             1.30a, 40% (er =82/18)     1.30b, 60% (er=81/19)
1.29b, PG=Cbz                        -78°C, 2h               1.31a, 50% (er =69/31)     1.31b, 50% (er=87/13)
1.29c, PG=P(O)Ph2                 -78°C, 16h             1.32a, 59% (er =85/15)     1.32b, 41% (er=96/4)
+
25
Looking at the scheme two things can be observed. First of all, an important effect of the
protecting groups on the stereoselectivity of the ring-opening reaction as well as in the
products distribution was observed. Infact, while the Cbz-aziridine 1.29b afforded aryloxy
amines 1.31a with a low stereoselectivity (er 69/31), the use of the Ts-aziridine 1.29a or the
P(O)Ph2-aziridine 1.29c allowed the formation respectively of the compound 1.30a and 1.32a
with a good anti-steroeselectivity. On other hand, it should be noted the dramatic different
reactivity of these aziridines and the corresponding oxygen heterocycle, (R)-styrene oxide
(see section 1.2.1). In that case, the use of triphenyl borate gave the desired aryloxy alcohol
1.15 with high syn-stereoselectivity while, using aziridines, a predominating inversion of
configuration was observed. Nevertheless, a direct and simple explaination of these results is
quite difficult to find. Probably it should be considered that epoxides are able to act as Lewis
bases directly through their non-bonded electron pairs, meaning that the presence of a Lewis
acids in reactions enhances the rate of ring-opening processes, primarily by weakening the
already strained C-O bond. In the case of aziridines, only when there is a non-oxygenated N-
substituent can a direct interation with Lewis acid occur, and since a polar activating N-
protecting group is often required to enable efficient ring-opening of aziridines, the reactions
of aziridines are less dominated by the use of Lewis acid than those of epoxides.31 (Scheme
1.24).
Scheme 1.24.
Based on these simple qualitative considerations, it can be assumed that in the case of
aziridines the coordination is not so efficient to allow the formation of an advanced
carbocationic species, thus favoring the normal ring-opening with inversion of configuration
at the cleaved center. On the other hand, the direct coordination of boron to the oxygen of the
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oxiranic rings permits a consistent lengthening of the C-O bond and, in this way, the
obtainment of a high syn-stereoselective process.
The previously described N-protected styrenyl aziridines were also used in the reaction
with triacetyloxy borane 1d, another borate prepared in our laboratory during my doctorate.
With the use of this particular borate, which was synthetized by an esterification reaction
using boric acid and acetic anhydride,32 we wanted to investigate the possibility to develop a
new syn-stereoselective protocol for the synthesis of vicinal amino-acetates. With our
pleasure, we found that the use of this borate allowed the formation of the corresponding ring-
opened products with a good stereoselectivity. It should be noted that also in this case the
temperature played a crucial role in to the stereoselectivity of ring-opening reaction (Table
1.6). As we have seen in the case of the N-tosyl aziridine of β-methyl styrene, a low reaction
temperature (-78° C) produced a higher stereoselective reaction (entry 3).
.
Table 1.6. Reaction of optically active N-Protected aziridines of styrene with tricetyloxy
boranea.
Entry Substrate Borate Time Productb Er
1
1.29b
1d 2h, 0°C 1.33 98/ 2
2
1.29a
1d 8h, rt 1.34 72/ 28
3
1.29a
1d 24h,-78°C 1.34 94/ 6
a All reactions were carried out in dichloromethane. b An equimolar mixture with the corresponding
amino alcohols were obtained.
However, it should be noted that all ring opening reactions described in the table 1.6 afforded
a mixture of the acetylated compound and the corresponding amino-alcohol in a almost
equimolar ratio. At this point, we needed to know the absolute configuration of the obtained
2-phenyl-2-acetyl-ethylamine. To this end, we tried several reactions able to give the ring-
opening reaction with anti-stereoselectivity. After some unsatisfactory results33 using basic
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reaction condition, we found from the literature that N-Ts aziridines reacted in the presence of
catalytic amount of p-Ts-OH with water giving the corresponding amino-alcohols with total
inversion of configuration.33 Using this conditions we prepared from the aziridine 1.29a the
corresponding ring-opened product which was then acetylated by a simple reaction with Ac2O
in pyridine giving the compound described in the scheme 1.25.
Scheme 1.25 p-Ts-OH catalyzed ring opening reaction of aziridine 1.29a with water.
By HPLC analysis on chiral stationary phase (see experimental section for details), it was
possible to estabilish the absolute configuration of compound 1.34, thus revealing the anti-
stereoselectivity of the ring-opening reactions carried out using styrenyl aziridines and
triacetyloxyborane.
In order to extend the scope of the ring-opening with triacetyloxyborane, some other
aziridines were employed. The N-Ts aziridine trans-stilbene showed a low reactivity even if
the reaction was carried out at rt (conversion < 10%), while the N-Ts aziridine of indene
confirmed its particular behaviour, giving the amino-alcohol 1.26 with good yield and high
syn-stereoselectivity (Scheme 1.26).
Scheme 1.26 Ring opening reaction of N-tosyl aziridine of indene with triacetyloxy borane.
The formation of aminoalcohols, also observed in the ring-opening of styrynl aziridines with
triacetyloxy borane (Table 1.6), can be reasonably explained by the presence of free, not
acetylated hydroxylic functionalities on the boron atom.
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1.2.3 Synthetic application of the ring-opened products: Synthesis of 1,4-benzodioxanes and
1.4-benzoxazines.
During the investigation of the ring-opening reactions of epoxides and aziridines with
triaryl borates, we envisioned that some of the ring-opened products could be valuable
intermediates for the obtainment of some particular class of heterocyclic compounds. For
examples, the cyclodehydration of hydroxy-phenols deriving from the ring opening of aryl
epoxides with cathecol-butyl borate 1a affords 1,4-benzodioxane (Scheme 1.27). On the other
hand, the intramolecular amination of o-halo-aryloxy alcohols deriving from the ring opening
of N-protected aziridides with tris(2-halophenyl)borates allows the formation of an another
class of heterocyclic compounds, 1,4-benzoxazines.
Scheme 1.27 Possible approaches to 1,4-benzodioxanes and 1.4 benzoxazines.
With regard to the first class of compounds, it should be noted that many benzodioxane
derivatives are of interest in several pharmaceutical areas, since they exhibit a variety of
biological and properties such as antihypertensive, antidepressant and anxiolytic.35 Although
several methods were known to afford the anti isomer,36 only a limited number of precedents
were available in the literature for the synthesis of cis stereoisomer.37 In this field Kim and co-
workers reported an high diastereoselective synthesis of syn-bisaryl benzodioxanes  by means
of a cyclodehydrative reduction using TFA and Et3SiH.35 During the section 1.2.1 it was
analyzed that aryl epoxides undergo, in the reaction with cathecol-butyl borate, the attack of
cathecol to give the corresponding aryloxy alcohols with good to high syn-stereoselectivity.
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Based on these results, we thought to use these compounds for the synthesis of 1,4-
benzodioxanes. For this propouse we tried several cyclodehydratation reaction36 finding in the
use of Mitsunobu reaction the best compromise. In first instance, we thought to use the
simplest aryl epoxides, (R)-styrene oxide, and in this way we were able to obtain the
corrisponing cyclic product 1.35 with no loss of optical purity respect to the aryloxy alcohol
1.14 (Scheme 1.28).
Scheme 1.28 Synthesis of Product 1.34 via Mitsunobu reaction.
In view of the high syn-stereoslectivity of the ring opening reaction of trans-stilbene oxide
with cathecol-butyl borate (scheme 1.15), we thought to use hydroxy-phenol 1.11 for the
synthesis of the corresponding cis-1,4-benzodioxane 1.36 which is known to exhibit an
activity as modulator of estrogen receptor. Unfortunately, in this case we were not able to
have a highly diastereoselective cyclodehydration, since an almost equimolar mixture of two
possible regioisomers was obtained with very low yields (Scheme 1.29). The unexpected
outcome of this reaction could be reasonably explained considering the adverse gauche
interation of the two aromatic rings present in the conformation 1.11a, in which the incoming
phenol and the hydroxilic group are in the usual anti orientation of a Mitsunobu type reaction.
O
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PPh3, DEAD
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Scheme 1.29 Ring closure of Product 1.11 via Mitsunobu reaction.
Furthermore, it should be noted that the ring-opened products deriving from vinyl epoxides
proved to be poorly reactive respect this ring-closure reaction. This is probably due to the
disadvantageous cis-stereochemistry of those aryloxy alcohols that doesn’t permit the ring
closure reaction with inversion of configuration via a SN2 mechanism.
The 1,4-benzoxazinic core represents a very interesting synthetic target, since a lot of
molecules having this structure are used in medicinal chemistry as intracellular calcium-
antagonists or antihypertensive.38 With regard to the synthesis of these compounds, several
methodologies, both asymmetric39 and non asymmetric,40 for the synthesis of 1,4-
benzoxazines have been described so far even thougt the most common is the reaction of
appropriately substituted o-aminophenols with the corresponding 1,2 dibromoethane-
derivatives in the presence of a base such as K2CO3.38,41
Quite recently Fukujama and Co-workers reported an efficent Cu-catalyzed intamolecular
amination of aryl halides to give the corresponding cyclic compounds in very good yields.42
Based on the substrates in our hand, we decided to use this intamolecular amination. In this
way we prepared several aryloxy amines made by the reaction of tris(2-bromophenyl) borate
1c or with tris(2-iodophenyl) borate 1e and the corresponding protected aziridine, which were
then used for the synthesis of the corresponding 1,4 benzoxazines 1.39-1.41 as shown in the
scheme 1.30.
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Scheme 1.30 Synthesis of 1,4 benzoxazines.
Despite the good results obtained using a variety of N-Ts aziridines, it should be noted that no
amination occurs using the carbobenzyloxy protecting group.
1.2.4 Ring-opening of epoxides using other metal-based nucleophilic systems.
In order to increase the scope and stereoselectivity of the the ring-opening reactions of
epoxides and aziridines, other reagents were also considered. Based on the affinity between
boron and aluminium as regard valiance shell and Lewis acid ability, a detailed study was
carried out using Al(OPh)3, another type of “activating nucleophile”. In this case we wanted to
investigate the possibility to increase the yield and the stereoselectivity of the described ring-
opening reaction using a reagent able to react in an analogous manner. In this way the greater
number of oxiranic systems tested in the reaction with aryl borate were “reconsidered” in
association with Al(OPh)3, as shown in the Table 1.7.
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Table 1.7. Ring-opening of activated epoxides with aluminium triphenoxide.
Entry Substrate Solvent Time Product (conversion %) Syn/anti
1 THF 2h, 0°C 1.7
(>98%)
>95/ <5
2 CH2Cl2 1h, rt 1.12
(>98%)
81/ 19
3 THF 4h, rt 1.12
(<10
%)
n.d
4 CH2Cl2 4h, rt 1.13
(>98
%)
>95/ <5
5 CH2Cl2 4h, rt 1.18
(90%)
94/ 6
Looking at the table two things should be considered. Concerning the syn-stereoselectivity of
the reaction, we didn’t observe any remarkable change respect the study carried out using
triphenyl borate. However, a dramatic effect of the solvent can be recognized. Trans-stilbene
oxide reacted with Al(OPh)3 in CH2Cl2 giving the ring-opened product in  four hours with an
almost total consumption of the starting epoxide (entry 4), while the same reaction carried out
in THF afforded the 1.13 with a very low conversion (entry 3). A possible explaination of this
behavior can be found in the different coordinating ability of two solvents considered. While
the less coordinating CH2Cl2 allowed an efficient interation between oxiranic oxigen and
metal, this was prevented by the use of THF with adverse consequences concerning  the
reactivity of the analyzed ring-opening reaction. However, the easy preparation aryl borates
respect to this kind of aluminium reagents render these nucleophiles more effective in this
particular type of ring-openig reaction.
The last topic of this chapter regards our attempts to use also aza- and  thioborate for
the ring-opening  reaction of oxiranic systems. In first instance we tried an azaborane-type
reagent, the N ,N,N',N',N'',N ''-hexaethylboranetriamine, in the reacion with styrene oxide,
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having totally unsatisfactory results. However, while the use of azaborane did not afford any
ring-opened products, using aryl thioborate some interesting results were achieved. In
particular, by the use of triphenyl borotrithioate 1f, synthetized following a procedure
reported in literature,3 we were able to realize the ring-opening reaction of styrene oxide and
trans-stilbene oxide obtaining the results which are summarized in the Scheme 1.31.
Scheme 1.31 Ring-opening reaction of aryl epoxide with triphenyl borotrithioate.
Styrene oxide reacted in these conditions affording the desired β-mercaptoalcohol 1.42 with a
formation of a very small amount of 2-phenylacetaldehyde, the corresponding rearrangement
side-product. On the other hand, by the use of trans-stilbene oxide a mixture products was
obtained, where the rearrangement side product, 2,2-diphenylacetaldehyde, represented the
main product.
It should be noted the results obtained by us in the ring-opening of stilbene oxide with
triphenyl borotrithioate 1f are in accordance with the results obtained by Pasto and co-
workers.44  Based on this report and considering the obtainment of mixture of compounds, we
thought to not continue more with this analysis.   
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1.3 Experimental section
General methods. THF, CH2Cl2 and DMF on molecular sieves were purchased from Fluka
and used as such. Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets
(Macherey-Nagel) with detection by 0.5% phosphomolybdic acid solution in 95% EtOH.
Silica gel 60 (Macherey-Nagel 230-400 mesh) was used for flash chromatography. Solvents
for extraction and chromatography were HPLC grade.
1H NMR spectra were recorded on a Bruker AC-200. Chemical shifts are reported in
ppm downfield from tetramethylsilane with the solvent resonance as the internal standard
(deuterochloroform: δ 7.26, deuteromethanol: δ 3.31). 13C NMR spectra were recorded on a
Bruker AC-200 (50 MHz) with complete proton decoupling. Chemical shifts are reported in
ppm downfield from tetramethylsilane with the solvent resonance as the internal standard
(deuterochloroform: δ 77.0, deuteromethanol: δ 49.0). Analytical high performance liquid
chromatography (HPLC) was performed on a Waters 600E equipped with Varian Prostar 325
detector using Daicel Chiralcel OD-H and AD-H column with detection at 254 nm.
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. Mass spectra
ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped with a
software Xcalibur. High resolution mass spectra (HRMS) were recorded on a AEI MS-902 at
the Department of Organic and Molecular Inorganic Chemistry, Stratingh Institute, University
of Groningen, The Netherlands.
Elemental analyses were performed in our analytical laboratory with a Carlo Erba
DP200 instrumentation and agreed with the theoretical values to within +/-0.4%.
Synthesis of aromatic borates.
Catechol butyl borate [butoxy-benzo[1,3,2]dioxaborole] (1a).16 A mixture
of catechol (5.61 g; 50.9 mmol) and tributyl borate (15 ml; 12.9 g, 56 mmol)
in toluene (50 mL) was refluxed for 17 hours. After removal of the solvent by means of
distillation at ambient pressure, the product is purified by distillation (78°C, ca. 5 mmHg) to
give 6.0 g of pure 1b (62% yield), as a colorless liquid.
Borates 1b, 1c and 1e. Following a previuosly described procedure for the preparation of
triphenyl borate45, a solution of substituited phenol (90 mmol) in degassed THF (20 mL) was
added at 0°C to BH3⋅Me2S (30.0 mmol) under argon. The mixture was allowed to react up to
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complete evolution of H2. Evaporation of organic solution afforded aromatic borates 1b, 1c
and 1e, which were not further purified.
Triphenyl borotrithioate (1f) . Following a previuosly described
procedure,43 a solution of thiophenol (8.460 g, 30 mmol) in freshly distilled
benzene (8 mL) was added at 0°C to a solution of BH3-Me2S (3.0 mL, 10
mmol) in benzene  under argon. After stirring for 8h at rt, the solution was evaporated and to
dryness to give 1f, which was not further purified.
Triphenyl borate (1b) and aluminium triphenoxide were purchased from Sigma-Aldrich and
used as such.
Ring-opening of epoxides and aziridines.
Typical Procedure as follows: aryl borate 1a (2.0 mmol) or 1b-f (1.2 mmol) was added at rt
or at –78°C to a solution of  1.0 mmol of epoxide or aziridine in the appropriate solvent (1.0
mL) (see Table 1) under a magnetic stirring. The reaction was followed by TLC and was
quenched, after the times indicated, with 5% aqueous HCl (2.0 mL) for the reactions carried
out with 1a, or 5% aqueous NaOH (2.0 mL) for the reactions carried out with 1b-f. The
solution was diluted with Et2O  or CH2Cl2 (30 mL) and washed twice with brine (3.0 ml each)
for reactions carried out with borate 1a and with 5% NaOH (2X3 mL) for reactions performed
with 1b-f. Evaporation of the dried organic solution afforded a crude reaction mixture which
was subjected to flash chromatography to give the pure compounds.
 syn-2-(2-Hydroxyphenoxy)-3-cyclohexen-1-ol (1.6) (Scheme 1.14)
Using the typical procedure described above, catechol butyl borate 1a (384
mg, 2.0 mmol) was added at rt to a solution of 1,3-cyclohexadiene
monoepoxide (96.0 mg, 1.0 mmol) in THF (1.0 mL). The solution was allowed to react for 1
hour. The product (yield= 63%) was isolated by column chromatography eluting with
hexanes:AcOEt 7:3, as an oil. Rf= 0.33 (38% AcOEt in hexanes).
1H NMR (CDCl3) δ 1.68-2.41 (m, 4H), 4.03-4.17 (m, 1H, -CH-OH), 4.51-4.58 (m, 1H, -CH-
O-Ar), 5.72-6.02 (m, 2H), 6.71-6.98 (m, 4H).
13C NMR (CDCl3) δ 23.7, 26.7, 68.5, 77.7, 116.8, 118.5, 120.8, 124.2, 124.6, 132.9, 146.1,
148.6.
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MS 206 (M+, 1), 110 (81), 96 (40), 78 (100), 67 (26), 54 (30), 39 (83).
Reference anti-2-(2-hydroxyphenoxy)-3-cyclohexen-1-ol was obtained in the following
way: to a stirred solution of 1,3-cyclohexadiene monoepoxide (96 mg, 1.0 mmol) in acetone
(2.0 mL), catechol (132 mg, 1.2 mmol) and K2CO3 (276.4 mg, 2.0 mmol) were added. The
reaction was maintained under vigorous stirring for 24h at 55°C. After filtration, the resulting
mixture was evaporated in vacuo to give a crude mixture containing mainly the reference
anti-compound. 1H NMR (CDCl3) δ 3.79-4.08 (m, 1H, -CH-OH), 4.42-4.52 (m, 1H, -CH-
OAr), 5.64-5.83 (m, 2H, olefinic protons).
Syn/anti stereoselectivity was more accurately measured by HPLC analysis on a Daicel
Chiralcel® OD-H column, mobile phase: hexane/isopropanol 96/4, retention times (min):
32.4, 45.2 min (racemate of the anti-isomer),  28.7, 36.7 (racemate of the syn-isomer).
syn-2-Phenoxy-3-cyclohexen-1-ol (1.7). (Entry 1, Table 1.3).
 Using the typical procedure described above, triphenyl borate 1b (348 mg,
1.2 mmol) was added at rt to a solution of 1,3-cyclohexadiene monoepoxide (96.0 mg, 1.0
mmol) in THF (1.0 mL). The solution was allowed to react for 1 hour. The product (yield=
65%) was isolated by column chromatography eluting with hexanes:AcOEt 7:3, as an oil.
1H NMR (CDCl3) d 1.72-2.12 (m, 4H), 4.02-4.18 (m, 1H, -CH-OH), 4.74-4.81 (m, 1H, -CH-
O-Ph), 5.70-6.05 (m, 2H), 6.70-6.96 (m, 3H), 7.15-7.24 (m, 2H).
13C NMR (CDCl3) δ 23.75, 27.0, 68.1, 73.8, 116.8, 121.0, 122.1, 124.1, 130.3, 133.3, 158.2.
ESIMS (pos.): m/z 191 [M+H].
Anal. Calcd. for C12H14O2: C, 75,76; H, 7,42. Found: C, 75.88, H, 7.34.
Reference anti-2-phenoxy-3-cyclohexen-1-ol was obtained using the Rh(I)-catalyzed anti-
stereoselective ring-opening procedure developed by Lautens et al.10
Syn/anti stereoselectivity was determined by 1H and 13C NMR. The signals considered for the
determination of the amount of the anti-isomer vs the syn-isomer 1.7 were: 1H NMR d 3.95-
4.03 (m, 1H, -CH-OH); 13C NMR d 79.4 (C-O-Ph) and 71.2 (C-OH).
 syn-2-(2-Hydroxyphenoxy)-3-cyclohepten-1-ol (1.8) (Entry 2, Table
1.3).
Using the typical procedure described above, catechol butyl borate 1a
(384 mg, 2.0 mmol) was added at rt to a solution of 1,3-cycloheptadiene monoepoxide (110.0
mg, 1.0 mmol) in THF (1.0 mL). The solution was allowed to react for 3 hours. The product
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(yield= 38%) was isolated by column chromatography eluting with hexanes:AcOEt 7:3, as a
liquid. Rf=0.32 (39% AcOEt in hexanes).
1H NMR (CDCl3) δ 1.50-2.40 (m, 6H), 4.19 (br d, J = 1.9 Hz, 1H), 4.92 (br s, 1H), 5.50-5.60
(m, 1H), 5.95-6.15 (m, 1H), 6.70-7.00 (m, 4H).
13C NMR (CDCl3) δ 20.2, 28.4, 34.4, 70.2, 80.9, 114.7, 115.8, 119.7, 122.4, 129.3, 134.1,
144.5, 147.3.
MS 202(13), 187(3), 174(5), 141(2), 121(5), 110(100), 82(32), 67(28), 53(29), 39(69).
Reference anti-2-(2-hydroxyphenoxy)-3-cyclohepten-1-ol was obtained in the following
way: to a stirred solution of 1,2-epoxy-3-cycloheptene (110 mg, 1.0 mmol) in EtOH (2.0 mL),
catechol (220 mg, 2.0 mmol) and NaH (40 mg, 1.66 mmol) were added. After a reflux of 18h
the pH of the solution was adjusted to ca. 3 by addition of diluted HCl and then extracted
several times with Et2O. The evaporation of the washed (brine) and dried (MgSO4) organic
solution afforded a crude reaction mixture (150 mg) which was not further purified.
Syn/anti stereoselectivity was determined by 1H and 13C NMR. Signals of the anti-isomer
considered for integration were: 1H NMR (CDCl3) d 4.52-4.68 (m, 1H, -CH-OAr), 3.81 (dt,
1H, J=3.9, 9.6 Hz, -CH-OH). 13C NMR (CDCl3) δ 24.5, 28.5, 36.9, 72.2, 84.2.
syn-2-(2-Hydroxyphenoxy)-3-cyclopenten-1-ol (1.9) (Entry 3, Table 1.3).
Using the typical procedure described above, catechol butyl borate 1a (384
mg, 2.0 mmol) was added at rt to a solution of 1,3-cyclopentadiene
monoepoxide (82.0 mg, 1.0 mmol) in THF (1.0 mL). The solution was allowed to react for 1
hour. The product (yield= 44%) was isolated by column chromatography eluting with
hexanes/AcOEt 7:3 as an oil. Rf=0.19 (30% AcOEt in hexanes).
1H NMR (CDCl3) d 2.50-2.70 (m, 2H), 4.48-4.60 (m, 1H, -CH-OH), 4.80-4.99 (m, 1H, -CH-
O-Ar), 5.89-6.11 (m, 2H), 6.65-6.94 (m, 4H).
13C NMR (CDCl3) d 39.6, 71.8, 84.1, 116.5, 116.7, 120.6, 123.3, 129.2, 135.5, 146.3, 147.6.
MS 192 (M+, 1), 174 (4), 110 (45), 82 (26), 54 (63), 39 (100).
2-(2-Hydroxyphenoxy)-2-methyl-3-buten-1-ol (1.10) (Entry 4, Table 1.3)
Using the typical procedure described above, catechol butyl borate 1a (384
mg, 2.0 mmol) was added at rt to a solution of 2-methyl-2-vinyloxirane
(84.0 mg, 1.0 mmol) in THF (1.0 mL). The solution was allowed to react for 1 hour. The
product (yield= 44%) was isolated by column chromatography eluting with hexanes/AcOEt
7:3 as an oil. Rf=0.45  with 40% AcOEt in hexanes.
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1H NMR (CDCl3) δ 1.33 (s, 3H), 3.64 (AB q, J = 11.23, 2H), 5.29 (dd, J = 11.0, J= 0.9, 1H),
5.39 (dd, J= 17.5, 0.9, 1H), 6.00 (dd, J= 17.5, J= 11.0, 1H), 6.65 (m, 4H).
 13C NMR (CDCl3) δ 19.6, 68.5, 83.1, 115.9, 117.0, 119.7, 120.9, 124.6, 139.3, 141.8, 143.8.
(1R*, 2R*)-2-Phenoxy-1,2-diphenyl-1-ethanol (1.11) (Scheme 1.15).
Using the typical procedure described above, triphenyl borate 1b (348
mg, 1.2 mmol) was added at rt to a solution of trans-stilbene oxide (196.0
mg, 1.0 mmol) in CH2Cl2 (1.0 mL). The solution was allowed to react for
3 hours. The product (yield= 52%) was isolated by column
chromatography eluting with hexanes eluting with hexanes/AcOEt 8:2 as a solid. M.p. 84-
87°C.
1H NMR (CDCl3) d 4.86 (d, 1H, J=7.8 Hz, -CHOH), 5.06 (d, 1H, J=7.8 Hz, -CHOPh), 6.75-
7.22 (m, 15H).
 13C NMR (CDCl3) d 79.3, 86.1, 116.8, 122.0, 127.86, 128.1, 128.6, 128.23, 130.1, 137.8,
139.2.
ESIMS (pos.): m/z 290 [M+H].
Syn/anti stereoselectivity was determined by 1H NMR. In this case the minor anti-isomer is
compound 1.13 (see below). 1H NMR (CDCl3) d 5.16 (d, 1H, J=5.3 Hz).
 (1R*, 2R*)-2-(2-Hydroxyphenoxy)-1,2-diphenyl-1-ethanol (1 . 1 2 )
(Scheme 1.15).
Using the typical procedure described above, catechol butyl borate 1a
(384 mg, 2.0 mmol) was added at rt to trans stilbene oxide (196.0 mg,
1.0 mmol). The mixture was allowed to react for 4 hours. The product (yield= 62%) was
isolated by column chromatography eluting with hexanes/AcOEt 8:2 as a solid. M.p.=111-
114 °C.
 1H NMR (CDCl3) δ 4.96 (d, 1H, J=7.8 Hz), 5.04 (d, 1H, J=7.8 Hz), 6.62-7.30 (m, 14H).
13C NMR (CDCl3) δ 79.14, 88.24, 116.7, 117.9, 120.4, 123.7, 127.8, 127.9, 128.6, 128.7,
138.0, 139.6, 146.2, 148.0.
ESIMS (neg.): m/z 305 [M-H].
Syn/anti stereoselectivity was determined by 1H NMR. The signal of the anti-isomer
considered for integration was: 1H NMR (CDCl3) d 5.16 (d, 1H, -CH-OAr).
Reference (1R*, 2S*)-2-(2-hydroxyphenoxy)-1,2-diphenyl-1-ethanol (i.e. the anti isomer)
was obtained using a described procedure.3
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(1R*, 2S*)-2-Phenoxy-1,2-diphenyl-1-ethanol (1.13). (Scheme 1.15)
 Using the typical procedure described above, catechol butyl borate 1a
(384 mg, 2.0 mmol) was added at rt to a solution of cis stilbene oxide
(196.0 mg, 1.0 mmol) in CH2Cl2 (1.0 mL). The mixture was allowed to
react for 3 hours. The product (yield= 50%) was isolated by column chromatography eluting
with hexanes/AcOEt 8:2 as a solid.46
Syn/anti stereoselectivity was determined by 1H NMR. In this case the minor isomer is
compound 1.11 (see above).
(2R)-2-(2-Hydroxyphenoxy)-2-phenylethanol (1.14) (Scheme 1.16).
Using the typical procedure described above, catechol butyl borate 1a (384
mg, 2.0 mmol) was added at rt to a solution of (R)-styrene oxide (120.0
mg, 1.0 mmol) in CH2Cl2 (1.0 mL). The mixture was allowed to react for 3
hours. The product (yield= 75%) was isolated by column chromatography
eluting with hexanes/AcOEt 6:4, as a liquid.
1H NMR (CDCl3) δ 3.78-4.06 (m, 2H), 5.09 (dd, J =7.6,  3.7 Hz, 1H), 6.56-6.64 (m, 2H),
6.75-6.96 (m, 2H), 7.23-7.38 (m, 5H).
13C NMR (CDCl3) δ  67.0, 82.8, 115.8 (2C), 119.9, 122.6, 126.3 (2C), 128.3, 128.7 (2C),
137.2, 145.3, 146.7.
MS(EI+) m/z = 230(M+, 6), 212(3), 179(1), 149(11), 121(33), 120(35), 110.0(100), 103(27),
91(20), 82.9(15), 77.0(10), 65.0(5).
HRMS(EI+) calculated for C14H14O3: 230.09428, found: 230.09494.
The reference reaction proceeding with a complete anti-stereoselectivity (net inversion of
configuration at the benzylic stereocenter) was prepared as the following:  (R)-styrene oxide
(60 mg, 0.5 mmol) was added to a stirred solution containing catechol (110 mg, 1.0 mmol)
and NaH (13 mg, ca. 0.5 mmol). After 24h at 95°C the cold reaction mixture was diluted with
Et2O (40 mL) and washed with brine several times. After evaporation of the dried organic
solution the crude reaction mixture was subjected to HPLC analysis and compared with the
reaction obtained with the use of catechol butyl borate (1b), which gives mainly retention of
configuration. HPLC analysis performed on a Daicel Chiralcel® OD-H column, mobile phase:
hexane/isopropanol 90/10, retention times (min): 15.5 (R, major stereoisomer), isomer 21.1
(S, minor stereoisomer).
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(1R*, 2S*)-1-Phenoxy-indan-2-ol (1.16) (Scheme 1.17).
Using the typical procedure described above, triphenyl borate 1b (348 mg,
1.2 mmol) was added at rt to a solution of indene oxide (132.0 mg, 1.0
mmol) in DMF (1.0 mL). The mixture was allowed to react for 1 hour. The
product (yield= 70%) was isolated by column chromatography with hexane/AcOEt 7:3, as a
white solid. M.p. 97-98°C
1H NMR (CDCl3) δ  7.04-7.41  (m, 9H),  5.62 (d, 1H, J= 4.8 Hz), 4.82- 4.85 (m, 1H), 3.07-
3.28 (m, 2H).
13C NMR (CDCl3) δ  141.30, 139.91, 130.35, 129.80, 127.58, 126.13, 122.70, 117.12, 82.79,
73.64, 39.57.
Syn/anti stereoselectivity was determined by 1H NMR upon observation and integration of the
signals corresponding to the methylene protons for each compound (indicated in bold in both
spectra). The reference new (1R*, 2R*)-1-phenoxy-indan-2-ol (i.e. the anti-isomer) was
prepared by the following procedure. A solution of indene oxide (66 mg, 0.5 mmol) in THF
(3.0 mL) and H2O (1.0 mL), was treated with phenol (282 mg, 3.0 mmol) and NaOH (120
mg, 3.0 mmol) and allowed  to stir under reflux for 2h. After extraction with Et2O, the dried
(MgSO4) organic phase was evaporated to give a crude mixture containing the anti-isomer
which was not further purified. 1H NMR (CDCl3) δ  7.04-7.40 (m, 9H), 5.59 (d, 1H, J=4.32
Hz, -CH-OPh), 4.59-4.68 (m, 1H, -CH-OH), 3.36 (dd, 1H, J=6.6, 16.1 Hz), 2.88 (d, 1H,
J=6.6, 16.1 Hz). 13C NMR (CDCl3) δ  39.35, 78.70, 87.72, 116.42, 121.44, 126.04, 127.83,
129.73, 130.29, 140.23, 140.86, 159.32.
(2S*,3R*)-Methyl 3-(2-methylphenyl)-3-(2-hydroxyphenoxy)-2-
hydroxy-propanoate (1.17) (entry 1, Table 1.4).
Using the typical procedure described above, catechol butyl borate 1a
(384 mg, 2.0 mmol) was added at rt to a solution of methyl 3-o-
tolyloxirane-2-carboxylate (192.0 mg, 1.0 mmol) in THF (1.0 mL). The mixture was allowed
to react for 3 hours. The product (yield= 82%) was isolated by column chromatography
eluting with hexanes/AcOEt 7:3, as a white solid. M.p=148-151 °C.
1H NMR (MeOD) δ 7.32-7.38 (m, 1H), 7.07-7.19 (m, 3H), 6.66-6.82 (m, 2H), 6.59-6.42 (m,
2H), 5.87 (d, J=2.4 Hz, 1H), 4.47 (d, J=2.4 Hz, 1H), 3.70 (s, 3H), 2.45 (s, 3H).
13C NMR (MeOD) δ 173.5, 147.8, 145.9, 135.9, 135.7, 131.5, 129.0, 128.5, 127.0, 122.9,
120.5, 116.7, 114.6, 78.9, 74.2, 52.8, 19.1.
Anal. Calcd. for C17H18O3: C, 67,54; H, 6,00; Found: C, 68.18, H, 6.05.
O
OH
COOMe
OH
O
OH
41
Syn/anti stereoselectivity was determined by 1H NMR. Signals of the anti-isomer considered
for integration were at 5.65 ppm (d, 1H, J=4.3 Hz, -CHO-Ar) and at 3.88 (s, 3H, -OCH3).
Demonstration of the relative stereochemistry of compound 7 was effected in two ways :
1) Conversion into (2R*, 3R*)-methyl 3-(2-methylphenyl)-3-(2-hydroxyphenoxy)-2-
chloro-propanoate  by a reaction proceeding with complete inversion of
configuration. Following a previously described procedure47, a solution of compound
1.17 (70 mg, 0.025 mmol) in CH3CN (0.2 mL) and CCl4 (0.5 mL) was treated with
PPh3 (131 mg, 0.50 mmol) and refluxed for 24h. After evaporation of the solvent the
crude mixture contained the title compound. Significative signals were in agreement
with a previously described compound with the same stereochemistry:48 1H NMR
(CDCl3) δ 5.75 (d, 1H, J=9.0 Hz, -CH-OAr), 4.72 (d, 1H, J=9.0 Hz, -CH-Cl).
2) Conversion into the corresponding acetate (2S*, 3R*)-methyl 3-(2-methylphenyl)-3-
(2-acetoxyphenoxy)-2-acetoxy-propanoate (1.17-Ac) and observation of J values,
which were in agreement with closely related compounds.49 1H NMR (CDCl3) δ 7.06-
7.42 (m, 4H), 6.80-7.00 (m, 3H), 6.40 (d, 1H, J=8.0 Hz), 5.79 (d, 1H, J=3.0 Hz), 5.43
(d, 1H, J=3.0 Hz),  3.69 (s, 3H), 2.43 (s, 3H), 2.30 (s, 3H), 2.00 (s, 3H). 13C NMR
(CDCl3) δ 19.65, 21.07, 21.30, 53.37, 73.48, 78.33, 114.89, 122.11, 124.11, 124.39,
126.96, 127.22, 128.15, 129.12, 131.31, 133.83, 136.66, 150.47, 168.05, 170.65.
(2S*, 3R*)-Methyl 3-(2-methylphenyl)-3-phenoxy-2-hydroxy-
propanoate (1.18). (Entry 2, Table 1.4)
Using the typical procedure described above, triphenyl borate 1b (348
mg, 1.2 mmol) was added at rt to a solution of 3-o-tolyloxirane-2-
carboxylate (192.0 mg, 1.0 mmol)  in THF (1.0 mL). The mixture was allowed to react for 3
hours. The product (yield= 60%) was isolated by column chromatography eluting with
hexanes/AcOEt 7:3, as a solid. M.p= 115- 117 °C. RF=0.30 (hexanes/AcOEt 7:3).
1H NMR (CDCl3) δ 2.38 (s, 3H), 3.13 (d, J=8.0 Hz, 1H, -OH), 3.67 (s, 3H), 4.35 (dd, J=8.0,
2.2 Hz, 1H, -CHOH), 5.63 (d, J=2.2 Hz, 1H, -CHOPh), 6.63-6.82 (m, 3H), 7.03-7.11 (m, 6H),
7.32-7.37 (m, 1H).
13C NMR (CDCl3) δ 19.7, 53.4, 73.6, 78.1, 116.3, 122.0, 126.89, 128.1, 128.7, 130.2, 131.2,
134.5, 135.1, 158.0, 173.0.
Syn/anti stereoselectivity was determined by 1H NMR as reported before for compound 1.17
(vide supra).
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The second eluting fractions of the above described column
chromatography (RF=0.26 hexanes/AcOEt 7:3) afforded pure (2S,3S)-
methyl 2-hydroxy-3-(2-hydroxyphenyl)-3-o-tolylpropanoate (1.20)
(Scheme 1.18), as a white solid (yield= 18%). M.p= 148- 150 °C.
1H NMR (CDCl3) δ 2.03 (s, 3H); 3.27 OH (d, 1H, J= 6.8 Hz); 3.74 (s, 3H); 4.88 (d, 1H, J=
2.9 Hz); 4.96 (dd, 1H, J1=6.8 Hz, J2= 2.9 Hz); 6.51 OH (m, 1H); 6.72- 7.27 (m, 7H); 7.77 (d,
1H, J= 7.53).
13C NMR (CDCl3)  δ  20.52, 46.71, 53.56, 73.95, 117.38, 121.19, 124.60, 126.79, 127.66,
128.18, 129.25, 131.44, 132.45, 137.19, 155.03, 174.90.
Anal. Calcd. For C17H18O4: C, 71.31%; H, 6.34%. Found: C, 71.25%; H, 6.31%.
(2S* ,  3R*)-Methyl 3-(4-methoxyphenyl)-3-phenoxy-2-
hydroxy-propanoate (1.19) (Entry 3, Table 1.4).
Using the typical procedure described above, triphenyl borate 1b
(348 mg, 1.2 mmol) was added at rt to a solution of 3-(4-
methoxyphenyl)-2,3-epoxy-propanoate (208 mg, 1.0 mmol) in
DMF/THF (1:1) (1.0 mL) The mixture was allowed to react for 4  hours. The product (yield=
20%) was isolated by semipreparative TLC eluting with hexanes/AcOEt 7:3, as a liquid.
1H NMR δ 3.02-3.18 (m, 1H, -OH), 3.74 (s, 3H), 3.77 (s, 3H), 4.40-4.48 (m, 1H, -CHOH),
5.45 (d, J=2.7 Hz, 1H, -CHOPh), 6.75-6.95 (m, 5H), 7.18-7.38 (m, 4H).
13C NMR δ 53.4, 55.9, 75.7, 81.0, 114.8, 116.8, 122.1, 128.7, 128.9, 130.0, 158.2, 160.2,
172.9.
Syn/anti stereoselectivity was determined by 1H NMR as reported before for compound 1.17
(vide supra).
(1R*, 2R*)-2-[4-(2-Hydroxyphenoxy)-butoxy]-cyclohexan-
1-ol (1.21) (Scheme 1.19)
Using the typical procedure described above, catechol butyl
borate 1a (384 mg, 2.0 mmol) was added at rt to a solution of cyclohexene (98.0 mg, 1.0
mmol) in THF (1.0 mL). The mixture was allowed to react for 1 hour. The product (yield=
55%) was isolated by column chromatography eluting with hexanes/AcOEt 7:3 as an oil.
Rf=0.25  (30% AcOEt in hexanes).
1H NMR δ 1.09-1.44 (m, 4H), 1.56-2.15 (m, 8H), 2.89-3.15 (m, 1H), 3.42-3.56 (m, 2H), 3.62-
3.78 (m, 1H), 3.98-4.14 (m, 2H), 6.78-6.98 (m, 4H).
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13C NMR δ 24.6, 24.8, 26.7, 27.5, 29.9, 32.6, 68.7, 69.5, 74.6, 84.3, 112.6, 115.7, 120.6,
122.2, 146.7 (2C).
MS 280(M+, 7), 209(2), 171(56), 153(1), 123(7), 110(55), 99(14), 95(14), 81(52), 73(100),
55(81), 43(20), 41(34), 39(44).
(1R*, 2R*)-2-[4-(2-Hydroxyphenoxy)-butoxy]-cyclopentan-
1-ol (1.22) (Scheme 1.19).
Aryl borate 1a  (384 mg, 2.0 mmol) was added at rt to a
solution of cyclopentene oxide (90 mg, ca. 1.0 mmol) in THF
(1.0 mL) under a magnetic stirring. The mixture was allowed to react for 1h. The product
(yield= 60%) was isolated by column chromatography eluting with hexanes/AcOEt 7:3 as an
oil.
1H NMR δ 1.35-1.98 (m, 10H), 3.52 (t, 2H, J=6.3 Hz), 3.59-3.71 (m, 1H), 3.98 (t, 2H, J=6.2
Hz), 4.05-4.15 (m, 1H), 6.70-6.90 (m, 3H), 7.15-7.30 (m, 2H).
13C NMR δ 21.1, 26.8, 27.2, 30.0, 32.6, 68.2, 69.7, 77.9, 115.1, 121.1, 130.0, 159.6.
ESIMS (pos.): m/z 289 [M+Na+].
 (1R*,2R*)-Cyclohexan-2-phenoxy-1-carbobenzyloxyamine (1.22)
(Scheme 1.20).
Using the typical procedure described above, triphenyl borate 1b (580 mg,
2.0 mmol) was added at rt to a solution of N-carbobenzyloxy aziridine of cyclohexene (231.0
mg, 1.0 mmol)  in CH2Cl2 (1.0 mL). The mixture was allowed to react for 3 hours. The
product (yield= 85%) was isolated by column chromatography eluting with hexanes/AcOEt
7:3, as a solid. M.p=83-85°C (re-crystallized from hexanes).
1H NMR  δ  7.12-7.40 (m, 7H), 6.78-7.05 (m, 3H), 5.1 (s, 2H), 3.95-4.15 (m, 1H), 3.71-3.90
(m, 1H), 1.18-1.25 (m, 8H).
13C NMR  δ  158.4, 156.8, 136.8, 130.1, 129.0, 128.6, 121.6, 120.6, 116.7, 116.0, 78.9, 67.4,
54.4, 31.49, 30.4, 24.5, 23.7.
Anal. Calcd. for C20H23NO3: C, 73,82; H, 7,12; N, 4.30. Found: C, 73.98, H, 7.05, N, 4.32.
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 (1R*,2R*)-2-Cyclohexan-[4-(phenoxy)-butoxy]-1-carbo
benzyloxyamine (1.23) (Scheme 1.20).
Using the typical procedure described above, triphenyl borate
1b  (580 mg, 2.0 mmol) was added at rt to a solution of N-carbobenzyloxy aziridine of
cyclohexene (231.0 mg, 1.0 mmol)  in CH2Cl2 (1.0 mL). The mixture was allowed to react for
4 hours. The product (yield= 42%) was isolated by column chromatography eluting with
hexanes/AcOEt 7:3 as a solid. M.p.=68-71 °C.
1H NMR δ  7.20-7.46 (m, 7H), 6.82-6.92 (m, 3H), 5.05 (s, 2H), 4.78-4.81 (m, 1H, NH), 3.86-
3.92 (m, 2H), 3.28-3.66 (m, 3H), 3.00-3.12 (m, 1H), 1.90-2.15 (m, 2H), 1.50-1.85 (m, 5H),
1.05-1.40 (m, 5H).
13C NMR  δ  158.3, 156.7, 130.1, 129.1, 128.7, 121.1, 115.1, 81.0, 68.7, 68.2, 67.2, 55.0,
32.0, 30.6, 27.4, 26.5, 24.6, 24.4.
Anal. Calcd. for C24H31NO4: C, 72,52; H, 7,86; N, 3.52. Found: C, 72.77, H, 7.55, N, 3.32.
(1R*,2S*)-1-Phenoxy-2-(4-methylphenylsulfonamido)-indane (1.24)
(Scheme 1.21)
Using the typical procedure described above, triphenyl borate 1b (580.0
mg, 2.0 mmol) was added at rt to a solution of N-Ts aziridine derived
from indene (285 mg, 1.0 mmol) in CH2Cl2 (1.0 mL) under a magnetic stirring. The mixture
was allowed to react for 2 hours. The product (yield= 52%) was isolated by column
chromatography eluting with hexanes/AcOEt 7:3 as a solid. M.p=134-136 °C. Rf=0.33 (30%
AcOEt in hexanes).
1H NMR δ 7.65- 7.70 (m, 2H), 7.04- 7.25 (m, 8H), 6.63- 6.94 (m, 3H), 5.09 (d, J=5.5 Hz,
1H), 4.03- 4.21 (m, 1H),  3.07 (d, 2H, J= 7.3 Hz), 2.32 (s, 3H).
13C NMR δ 160.91, 143.78, 139.22, 130.10, 129.98, 129.84, 127.42, 127.32, 125.89, 125.56,
122.38, 117.06, 79.59, 56.65, 31.11, 21.95.
ESIMS (pos.): m/z 380 [M+H].
Syn/anti stereoselectivity (compound 1.24) was determined by 1H NMR after integration of
the signals indicated in bold in both spectra. The reference anti-isomer, namely (1R*,2R*)-1-
phenoxy-2-(4-methylphenylsulfonamido)indane was prepared by the following procedure. A
solution of N-Ts aziridine derived from indene8 (40 mg, 0.14 mmol) in THF (1.5 mL) and
H2O (0.5 mL), was treated with phenol (60 mg, 0.64 mmol) and NaOH (25 mg, 0.6 mmol)
and allowed  to stir under reflux for 6h. After extraction with Et2O, the dried (MgSO4) organic
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phase was evaporated to give a crude mixture containing the anti-isomer, which was not
further purified. 1H NMR δ 1H NMR δ 7.63- 7.67 (m, 2H), 7.11- 7.25 (m, 8H), 6.72- 6.93 (m,
3H), 5.42 (d, 1H, J=4.4 Hz), 5.00- 5.04 (m, 1H,  NH), 4.00- 4.10 (m, 1H), 3.27 (dd, 1H, J1=
7.1, 16.1 Hz),  2.65  (dd, 1H, J1= 7.1, 16.1 Hz), 2.33 (s, 3H).
13C NMR δ 158.71, 144.30, 140.92, 139.76, 130.44, 130.29, 130.21, 130.10, 128.09, 127.85,
126.03, 125.91, 122.15, 116.43, 85.92, 60.28, 38.22, 22.25.
The second eluting fractions of the above described flash chromatography
(Rf=0.15  with 30% AcOEt in hexanes) afforded pure (1R*, 2S*)-2-(4-
Methylphenylsulfonamido)-indan-1-ol (1.26) (Scheme 1.21), as a solid.
M.p 140- 143°C.
1H NMR δ 7.68- 7.72 (m, 2H), 7.12- 7.34 (m, 7H), 5.46- 5.50 (m, 1H, NH), 4.66 (d, 1H, J=
5.4 Hz, -CH-OH), 3.86- 4.01 (m, 1H), 2.77- 3.05 (m, 2H),  2.43 (s, 3H).
13C NMR δ 144.30, 143.78, 141.18, 138.09, 130.47, 130.07, 128.05, 127.84, 125.97, 125.71,
74.60, 57.33, 37.49, 22.26.
ESIMS (pos.): m/z 304 [M+H].
(1R*, 2S*)-1-(2-Hydroxyphenoxy)-2-(4-methylphenylsulfonamido)
indano (1.25) (Scheme 1.21).
Using the typical procedure described above, cathecol butyl borate 1a
(115.2 mg, 0.6 mmol) was added at rt to a solution of N-Ts aziridine
derived from indene (85.5 mg, 0.30 mmol) in CH2Cl2 (0.6 mL) under a
magnetic stirring. The mixture was allowed to react for 1.5 hours. The product (yield= c.a
30%), contaminated by some amounts of the corresponding aminoalcohol 1.24a, was isolated
by column chromatography eluting with hexanes/AcOEt 7:3 as a solid.
1H NMR δ 7.73-7.77 (m, 2H), 7.05-7.31 (m, 4H), 6.61-6.93 (m, 2H), 5.14 (d, J=5.3 Hz, 1H),
4.20-4.35 (m, 1H), 3.10 (d, J=7.7 Hz, 2H), 2.37 (s, 3H).
13C NMR δ 147.7, 144.3, 141.4, 139.1, 137.7, 130.5, 130.4, 127.6, 126.3, 125.8, 124.0, 121.6,
120.6, 117.4, 116.5, 116.0, 82.0, 56.8, 37.8, 22.2.
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 (1R*,2R*)-1-Phenyl-1-phenoxy-2-(carbobenzyloxy)propan amine
(1.27) (Entry 1, Table 1.5)..
Using the typical procedure described above, triphenyl borate 1b (174 mg,
0.60 mmol) was added at rt to a solution of N-Cbz aziridine derived from
trans-β-methyl styrene (80.1, 0.30 mmol) in CH2Cl2 (0.6 mL) under a magnetic stirring. The
mixture was allowed to react for 2 hours. The product (yield= 40%) was isolated by
semipreparative TLC eluting with hexanes/AcOEt 9:1 as a semisolid.
1H NMR δ 7.10-7.29 (m, 12H), 6.75-6.88 (m, 3H), 5.12 (d, J=2.9 Hz, 1H), 5.00 (s, 2H), 4.08-
4.28 (m, 1H), 1.24 (d, J=6.8 Hz, 3H).
13C NMR δ 158.3, 156.2, 138.5, 137.0, 129.8, 128.9, 128.5, 127.1, 121.6, 116.2, 81.8, 67.1,
52.2, 18.1.
Syn/anti stereoselectivity was determined by 1H NMR. The reference anti-isomer was
prepared by the following procedure. A solution of Cbz-aziridine of b-methyl styrene (53.4
mg, 0.20 mmol) in THF (0.6 mL) and H2O (0.2 mL), was treated with phenol (56 mg, 0.60
mmol) and NaOH (24 mg, 0.6 mmol) and allowed  to stir under reflux for 19h. After
extraction with Et2O, the washed organic solution (brine) and dried (MgSO4) afforded a crude
reaction mixture which was not further purified. Signals of the anti-isomer considered for
integration were: 1H NMR (CDCl3) d 5.29 (d, 1H, J=2.4 Hz) and 1.09 (d, 1H, J=6.8 Hz).
 (1R*,2S*)-1-Phenyl-1-(2-bromophenoxy)-N-(4-methylphenyl
sulfonyl)propan-2-amine (1.28) (Entry 3, Table 1.5).
Using the typical procedure described above, tris(2-bromophenyl) borate
1c (395.1 mg, 0.75 mmol) was added at –78°C to a solution of N-Ts
aziridine derived from trans-β-methyl styrene (143.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a
magnetic stirring. The mixture was allowed to react for 24 hours at –78°C. The product
(yield= 52%) was isolated by column chromatography eluting with hexanes/AcOEt 8:2 as a
semisolid.
1H NMR δ 1.09 (d, 3H, J= 6.8Hz); 2.33 (s, 3H); 3.69- 3.85 (m, 1H); 5.07 (d, 1H, J= 2.7 Hz);
5.18 (d, 1H, J= 9.6Hz); 6.26 (dd, 1H, J1= 8.2 Hz, J2= 1.4 Hz); 6.77 (dt, 1H, J1= 7.5 Hz, J2=
1.5 Hz); 6.95 (dt, 1H, J1= 7.5 Hz, J2= 1.5 Hz); 7.08- 7.38 (m, 7H); 7.51 (dd, 1H, J1= 7.9 Hz,
J2= 1.7 Hz); 7.33 (d, 2H, J= 8.3 Hz).
13C NMR δ 154.44, 143.94, 138.93, 133.74, 130.35, 129.41, 128.89, 128.75, 127.32, 126.46,
122.94, 115.28, 83.14, 55.73, 22.11, 14.93.
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 (2R)-2-phenyl-2-phenoxy-N-(4-methylphenylsulfonyl)-ethanamine
(1.30a) (Scheme 1.23).
Using the typical procedure described above, triphenyl borate 1b (217.5
mg, 0.75 mmol) was added at –78°C to a solution of (S)-N-Ts aziridine
of styrene 1.29a (136.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a magnetic stirring. The
mixture was allowed to react for 16 hours at –78°C. The product (yield= 34.2%) was isolated
by column chromatography eluting with hexanes/AcOEt 7:3 as a semisolid.
1HNMR (CDCl3) δ 2.41 (s, 3H); 3.24 (ddd, 1H, J1= 13.3 Hz, J2= 9.0 Hz; J3= 3.8 Hz); 3.43
(ddd, 1H, J1= 13.3 Hz, J2= 9.2 Hz; J3= 3.6 Hz); 4.96- 5.05 NH (m, 1H); 5.11 (dd, 1H, J1= 9.0
Hz, J2= 3.6 Hz); 6.70 (d, 2H, J= 8.3 Hz); 6.88 (t, 1H, J= 7.3 Hz); 7.09- 7.36 (m, 9H); 7.72 (d,
2H, J= 8.1 Hz).
13C NMR (CDCl3) δ 22.11, 50.12, 79.03, 116.36, 121.88, 126.63, 127.57, 128.93, 129.42,
129.88, 130.37, 137.62, 138.58, 144.09, 157.80.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 23.90 (S, minor stereoisomer),
24.79 (R, major stereoisomer).
The reference reaction proceeding with a complete anti-stereoselectivity (net inversion of
configuration at the benzylic stereocenter) was prepared as the following: to a solution of (S)-
N-Ts aziridine of styrene 1.28a (27.3, 0.10 mmol) in 4:1 mixture of THF/ H2O (0.6 mL) was
added a solution of sodium phenoxide (0.3 mmol) in water at rt. After 18h at 80°C the
reaction mixture was diluted with Et2O (40 mL) and washed with water. After evaporation of
the dried organic solution, the crude reaction mixture was subjected to HPLC analysis and
compared with the reaction obtained with the use of triphenyl borate (1b), giving us the
correct information about the stereochemistry of compound 1.29.
The second eluting fractions of the above described column
chromatography afforded pure (2S)-2-Phenyl-2-(2-hydroxyphenyl)-N-
(4-methylphenylsulfonyl)-ethanamine (1.30b) (Scheme 1.23) RF= 0.22
(hexanes/AcOEt 8:2) as solid (yield= 33.2%). M.p= 182-185°C.
1HNMR (MeOD) δ 2.40 (s, 3H); 3.42 (d, 1H, J= 8.0 Hz); 4.51 (t, 1H, J= 8.0 Hz); 6.63- 6.76
(m, 2H); 6.88- 7.05 (m, 2H); 7.09- 7.25 (m, 5H); 7.31 (d, 2H, J= 8.0 Hz); 7.66 (d, 1H, J= 8.0
Hz).
13C NMR (MeOD) δ 21.46, 45.16, 47.49, 116.08, 120.41, 127.28, 128.07, 128.51, 129.20,
129.28, 129.51, 129.56, 130.64, 138.72, 143.17, 144.47, 156.13.
ESIMS (neg.): m/z 366 [M-H].
NHTs
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HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 51.41 (S , major
stereoisomer), 55.98 (R, minor stereoisomer).
 (2R)-2-phenyl-2-phenoxy-N-benzyloxycarbonyl-ethanamine
(1.31a) (Scheme 1.23).
 Using the typical procedure described above, triphenyl borate 1 b
(217.5 mg, 0.75 mmol) was added at –78°C to a solution of (S)-N-Cbz
aziridine of styrene 1.29b (126.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a magnetic stirring.
The mixture was allowed to react for 2 hours at –78°C. The product (yield= 25.3%) was
isolated by semipreparative TLC eluting with hexanes/AcOEt 7:3 (3 times) as a solid. M.p=
87- 90°C.
1HNMR (CDCl3) δ 3.45 (ddd, 1H, J1= 13.6 Hz, J2= 8.9 Hz; J3= 4.3 Hz); 3.75 (ddd, 1H, J1=
13.6 Hz, J2= 11.1 Hz; J3= 4.5 Hz); 5.01- 5.19 (m, 2H); 5.20- 5.36 CH-OAr + NH (m, 2H);
6.75- 6.95 (m, 3H); 7.10- 7.43 (m, 12H).
13C NMR (CDCl3) δ 48.43, 67.58, 79.71, 116.51, 121.86, 126.80, 128.84, 129.24, 129.47,
130.09, 139.24, 157.02, 158.35.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 23.30 (R , major
stereoisomer), 26.90 (S, minor stereoisomer).
The second eluting fractions of the above described semipreparative
TLC afforded pure ( 2 S ) -2-Phenyl-2-(2-hydroxyphenyl)-N-
benzyloxycarbonyl-ethanamine (1.31b) (yield=18%), (Scheme 1.23).
M.p 132-135 °C.
1HNMR (CDCl3) δ 3.62- 3.96 (m, 2H); 4.54 (t, 1H, J= 7.7 Hz); 4.93- 5.17 (m, 3H); 6.61- 6.78
(m, 3H); 6.94 (d,1H, J= 6.6 Hz); 7.06 (t, 1H, J= 7.1 Hz); 7.13- 7.40 (m, 10H).
13C NMR (CDCl3) δ 45.24, 45.35, 67.71, 116.85, 121.10, 127.59, 128.62, 128.85, 128.99,
129.21, 129.39, 129.56, 136.86, 141.31, 154.82 157.69.
ESIMS (neg.): m/z 346 [M-H].
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 28.58 (R , minor
stereoisomer), 30.43 (S, major stereoisomer).
NHCbz
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Ring-opening of (S)-N-P(O)Ph2 aziridine of styrene (1.29c) with triphenyl borate (1b),
(Scheme 2).
Using the general procedure described above, a solution of triphenyl borate (1b) (217.5 mg,
0.75 mmol) in CH2Cl2 (0.5 mL) was added at –78°C under argon to a solution of (S)-N-
P(O)Ph2 aziridine of styrene (1.29c) (159.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture
was allowed to react for 18 hours at –78 °C. The reaction afforded an unseparable mixture of
diastereoisomers, 1.32b and 1.32a, 41/59 ratio respectively. Representative segnal for:
anti-adduct (1.32b)⇒ 4.86- 5.00 CHAr (m, 1H).
syn-adduct (1.32a)⇒ 5.28- 5.39 CHAr (m, 1H):
HPLC analysis of product 1.31a was performed on a Daicel Chiralpak ® AD-H column, flow
rate: 1.0 mL/min, mobile phase: hexane/isopropanol 90/10, retention times (min): 32.63 (S,
major stereoisomer); 54.62 (R, minor stereoisomer).
 (R)-2-(benzyloxycarbonylamino)-1-phenylethyl acetate (1.33)
(Entry 1, Scheme 1.26).
Using the typical procedure described above, triacetyloxy borane 1d
(141.0 mg, 0.75 mmol) was added at 0°C to a solution of (S)-N-Cbz aziridine of styrene 1.29b
(126.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a magnetic stirring. The mixture was allowed to
react for 1.5 hours at 0°C. The product (yield= 38%) was isolated by semipreparative TLC
eluting with hexanes/AcOEt 1:1.
1HNMR (CDCl3) δ 2.07 (s, 3H); 3.42- 3.73 (m, 3H); 4.90- 5.18 (m, 3H); 5.83 (dd, 1H, J1= 7.7
Hz, J2= 3.3 Hz); 7.21- 7.44 (m, 10H).
13C NMR (CDCl3) δ 21.84, 46.59, 67.66, 75.40, 127.11, 128.90, 129.16, 129.28, 129.36.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 27.76 (S , minor
stereoisomer), 32.50 (R, major stereoisomer).
 (R)-2-(4-methylphenylsulfonamido)-1-phenylethyl acetate (1.34)
(Entry 3, Table 1.6).
Using the typical procedure described above, triacetyloxy borane 1d
(141.0 mg, 0.75 mmol) was added at –78°C to a solution of (S)-N-Ts aziridine of styrene
1.29a (136.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a magnetic stirring. The mixture was
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allowed to react for 24 hours at –78°C. The product (yield= 33%) was isolated by column
chromatography eluting with hexanes/AcOEt 7:3.
1HNMR (CDCl3) δ 2.04 (s, 3H); 2.42 (s, 3H); 3.32 (t, 2H, J= 6.2 Hz); 4.78- 4.92 CH2NH (m,
1H); 5.70 (t, 1H, J= 6.2 Hz); 7.18- 7.37 (m, 7H); 7.71 (d, 2H, J= 8.3 Hz).
13C NMR (CDCl3) δ 21.70, 22.22, 48.36, 74.80, 127.06, 127.70, 129.43, 130.47, 137.63,
144.30.
HPLC analysis was performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 38.28 (S , minor
stereoisomer); 40.97 (R, major stereoisomer).
The reference reaction proceeding with a complete anti-stereoselectivity (net inversion of
configuration at the benzylic stereocenter) was prepared as the following:33  to a solution of
(S)- N-Ts aziridine of styrene 1.29a (27.3, 0.10 mmol) in 4:1 mixture of THF/ H2O (0.6 mL)
was added a catalytic amount of p-Ts-OH (5.0 mol%, 0.95 mg) at rt. After 18h at rt the
reaction mixture was diluted with Et2O (40 mL) and washed with NaHCO3 aqueous satured
solution several times. After evaporation of the dried organic solution, the crude reaction
mixture was subjected to HPLC analysis and compared with the reaction obtained with the
use of triacetyloxy borane (1d), giving us the correct information about the stereochemistry of
compound 1.34.
The second eluting fractions of the above described column
chromatography afforded pure (R)-N-(2-hydroxy-2-phenylethyl)-4-
methylbenzenesulfonamide (yield= 20%).
1HNMR (CDCl3) δ 2.42 (s, 3H); 2.92- 3.10 (m, 1H); 3.17- 3.37 (m, 1H); 4.79 (dd, 1H, J1= 8.7
Hz, J2= 3.6 Hz);  5.21- 5.36 (m, 1H); 7.16- 7.41 (m, 7H); 7.73 (d, 1H, J= 8.3Hz).
13C NMR (CDCl3) δ 22.23, 50.93, 73.42, 126.52, 127.76, 128.86, 129.29, 130.48, 141.48.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 37.36 (R , major
stereoisomer), 39.96 (S, minor stereoisomer).
 (1R*, 2S*)-2-(4-Methylphenylsulfonamido)-indan-1-ol (1.26) (Scheme
1.26).
Using the typical procedure described above, triacetyloxy borane 1d (225.6
mg, 1.2 mmol) was added at rt to a solution of N-Ts aziridine derived from indene (285 mg,
1.0 mmol) in CH2Cl2 (1.0 mL) under a magnetic stirring. The mixture was allowed to react for
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4 hours. The mixture was diluted CH2Cl2, washed with NaHCO3 aqueous satured solution (10
mL X 3 times) and dried over MgSO4. Evaporation of the dried organic solution afforded pure
compound 1.26. For 1H NMR and 13C NMR data see reaction of N-Ts aziridine derived from
indene with borate 1b (Scheme 1.21).
2-phenyl-2-(2-iodophenoxy)-N-(4-methylphenylsulfonyl)-ethanamine
(1.37) (Scheme 1.30).
Using the typical procedure described above, tris(2-iodophenyl) borate 1e
(399 mg, 0.6 mmol) was added at rt to a solution of (S)-N-Ts aziridine of
styrene rac-1.29a (136.5, 0.50 mmol) in CH2Cl2 (1.5 mL) under a magnetic stirring. The
mixture was allowed to react for 2 hours at rt. The product (yield= 45%) was isolated by
column chromatography eluting with hexanes/AcOEt 9:1 as a solid. M.p= 118- 121°C.
1HNMR (CDCl3) δ 2.30 (s, 3H); 3.23 (ddd, 1H, J1= 12.9 Hz, J2= 9.5 Hz, J3= 3.3 Hz); 3.43
(ddd, 1H, J1= 13.3 Hz, J2= 9.5 Hz, J3= 3.4 Hz); 4.99 (dd, 1H, J1= 9.2 Hz, J2= 3.5 Hz); 5.24
(dd, 1H, J1= 5.3 Hz, J2= 3.2 Hz); 6.30 (dd, 1H, J1= 8.0 Hz, J2= 0.8 Hz); 6.55- 6.65 (m, 1H);
6.92- 7.03 (m, 1H); 7.09- 7.34 (m, 7H); 7.62- 7.73 (m, 3H).
13C NMR (CDCl3) δ 22.20, 50.33, 80.69, 114.47, 123.86, 126.52, 127.54, 129.30, 129.64,
129.96, 130.40, 139.83, 144.19.
2-(4-fluorophenyl)-2-(2-bromophenoxy)-N-(4-methylphenyl
sulfonyl)-ethanamine (1.38) (Scheme 1.30).
Using the typical procedure described above, tris(2-bromophenyl)
borate 1c (318 mg, 0.6 mmol) was added at rt to a solution of (S)-N-Ts
aziridine of p-fluorostyrene (136.5, 0.50 mmol) in CH2Cl2 (1.5 mL)
under a magnetic stirring. The mixture was allowed to react for 6 hours at rt. The product
(yield= 54%) was isolated by column chromatography eluting with hexanes/AcOEt 85:15 as a
liquid.
1HNMR (CDCl3) δ 2.37 (s, 3H); 3.27 (ddd, 1H, J1= 12.9 Hz, J2= 9.0 Hz, J3= 3.9 Hz); 3.44
(ddd, 1H, J1= 12.9 Hz, J2= 9.5 Hz, J3= 3.3 Hz); 5.08 (dd, 1H, J1= 9.0 Hz, J2= 5.1 Hz); 5.28
NH (dd, 1H, J1= 9.0 Hz, J2= 5.3 Hz); 6.45 (dd, 1H, J1= 8.2 Hz, J2= 1.4 Hz); 6.79 (dt, 1H, J1=
7.7 Hz, J2= 1.4 Hz); 6.95- 7.08 (m, 3H); 7.16- 7.34 (m,4H); 7.50 (dd, 1H, J1= 7.8 Hz, J2= 1.6
Hz); 7.72 (d, 2H, J= 7.7 Hz).
13C NMR (CDCl3) δ 22.20, 50.17, 80.15, 113.28, 115.76, 116.42, 116.84, 123.46, 127.51,
128.34, 128.50, 128.97, 130.42, 133.77, 133.93, 144.24, 154.05.
NHTs
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Synthesis of substituited 1,4-dihydrobenzodioxans
Typical Procedure as follows: PPh3 (262.3 mg, 1.0 mmol) and diethylazadicarboxylate
(130.65 mg, 0.75 mmol) were added under argon protection at rt to a solution of substrate (0.5
mmol) in THF (1.0 mL) under magnetic strring. The reaction was followed by TLC and the
solvent was evaporeted in vacuo. The crude reaction mixture was then purified by silica gel
column chromatography to give the pure compounds.
(R)-2-phenyl-2,3-dihydrobenzodioxane (1.35) (Scheme 1.28).
Using the typical procedure described above, PPh3 (262.3 mg, 1.0 mmol)
and DEAD (130.65 mg, 0.75 mmol) were added under argon protection
at rt to a solution of (R)-2-(2-hydroxyphenoxy)-2-phenylethanol (1.14) (113 mg, 0.5 mmol) in
THF (1.0 mL) under magnetic strring. The solution was allowed to react for 3 hours. The
product (yield=31%) was isolated by column chromatography eluting with hexanes:Et2O
96:4, as colorless liquid.
1H NMR (CDCl3) δ 4.05 (dd, 1H, J1= 11.4 Hz, J2= 9.0 Hz); 4.38 (dd, 1H, J1= 11.4 Hz, J2= 2.4
Hz); 5.15 (dd, 1H, J1= 9.0 Hz, J2= 2.4 Hz); 6.88- 7.04 (m, 3H); 7.36- 7.50 (m, 5H).
13C NMR (CDCl3) δ 70.02, 75.77, 117.78, 118.21, 122.26, 127.20, 129.45, 137.10, 143.72,
144.55.
Ring closure of Product 1.11 via Mitsunobu reaction (1.36 and 1.36anti) (Scheme 1.29).
Using the typical procedure described above, PPh3 (262.3 mg, 1.0 mmol) and DEAD (130.65
mg, 0.75 mmol) were added under argon protection at rt to a solution of 2-((1R,2R)-2-
hydroxy-1,2-diphenylethoxy)phenol (1.11) (153 mg, 0.5 mmol) in THF (1.0 mL) under
magnetic strring. The solution was allowed to react for 3 hours. The reaction afforded an
unseparable mixture of stereoisomer, 1.36 and 1.36anti, ratio 1/1. Representative segnal for:35
syn-stereoisomer (1.36)⇒ 5.48 CHOPh (s, 2H).
anti-stereoisomer (1.36anti)⇒ 4.5 CHOPh (s, 2H).
O
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Synthesis of substituited 1,4-dihydrobenzoxazines.
Typical Procedure: following a slighty modification of a previuosly described procedure for
the intramolecular amination of aryl halides42, in a Schlenk apparatus the substrate (see
Scheme 1.30) (0.22 mmol) was added to a small amount of dry benzene. The solution was
evacuated and backfilled with argon. Then degassed DMSO (1.1 mL), CsOAc (213 mg, 1.1
mmol, 5 equiv.) and CuI (84 mg, 0.44 mmol, 2 equiv.)  were added under argon protection.
The reaction mixture was then warmed to 90°C and followed by TLC. The resulting solution
was then quenched with ammoniacal aq NaCl and extracted for three times with diethyl ether.
The organic layer was dried with MgSO4, filtered and evaporated in vacuo. Purification by
column chromatography afforded pure cyclized compounds.
2-phenyl-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazine (1.39) (Scheme
1.30).
Using the typical procedure described above, to a solution of 2-phenyl-2-
(2-iodophenoxy)-N-(4-methylphenylsulfonyl)-ethanamine (1.37) (0.22
mmol, 108.4 mg) in degassed DMSO (1.1 mL) were added CsOAc (213 mg, 1.1 mmol) and
CuI (84 mg, 0.44 mmol) were added under argon protection. The reaction mixture was
allowed to react for 4 hours at 90°C. The product (yield= 93%) was isolated by column
chromatography eluting with hexanes/AcOEt 8:2 as a solid. M.p= 140- 141°C.
1H NMR (CDCl3) δ 2.42 (s, 3H); 3.18- 3.33 (m, 1H); 4.20 (dd, 1H, J1= 10.2 Hz, J2= 1.9 Hz);
4.38 (dd, 1H, J1= 14.6 Hz, J2= 2.2 Hz); 6.90- 7.44 (m, 10H); 7.60 (d, 2H, J= 8.1 Hz); 7.94 (d,
2H, J= 8.0 Hz).
13C NMR (CDCl3) δ 30.55, 50.88, 73.76, 118.30, 121.76, 125.58, 126.57, 127.02, 128.01,
129.44, 130.70, 136.11, 137.68, 145.18.
2-(4-fluorophenyl)-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazine
(1.40) (Scheme 1.30).
Using the typical procedure described above, to a solution of 2-(4-
fluorophenyl) -2-(2-bromophenoxy)-N-(4-methylphenylsulfonyl)-
ethanamine (1.38) (0.22 mmol, 102.1 mg) in degassed DMSO (1.1 mL) were added CsOAc
(213 mg, 1.1 mmol) and CuI (84 mg, 0.44 mmol) were added under argon protection. The
reaction mixture was allowed to react for 4 hours at 90°C. The product (yield= 90%) was
N
O
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isolated by column chromatography eluting with hexanes/AcOEt 8:2 as a solid. M.p= 94-
95°C.
1H NMR (CDCl3) δ 2.40 (s, 3H); 3.20 (dd, 1H, J1= 14.6 Hz, J2= 10.3 Hz); 4.18 (dd, 1H, J1=
10.3 Hz, J2= 2.8 Hz); 4.32 (dd, 1H, J1= 14.6 Hz, J2= 2.8 Hz); 6.86- 7.23 (m, 7H); 7.28 (d, 2H,
J= 8.1 Hz); 7.56 (d, 2H, J= 8.1 Hz) 7.90 (dd, 1H, J1= 8.1 Hz, J2= 1.6 Hz).
13C NMR (CDCl3) δ 30.37, 50.93, 73.31, 106.34, 116.25, 116.67, 118.30, 121.92, 125.50,
127.07, 128.03, 128.34, 128.50, 130.71, 144.79, 159.01.
(2R,3S)-3-methyl-2-phenyl-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]
oxazine (1.41) Scheme 1.30.
Using the typical procedure described above, to a solution of  (1R*,2S*)-
1-Phenyl-1-(2-bromophenoxy)-N-(4-methylphenylsulfonyl)propan-2-
amine (1.28) (0.22 mmol, 101.2 mg) in degassed DMSO (1.1 mL) were added CsOAc (213
mg, 1.1 mmol) and CuI (84 mg, 0.44 mmol) were added under argon protection. The reaction
mixture was allowed to react for 4 hours at 90°C. The product (yield= 70%) was isolated by
column chromatography eluting with hexanes/AcOEt 9.5:0.5 as a solid. M.p= 85- 87°C.
1H NMR (CDCl3) δ 0.88 (d, 3H, J= 6.9 Hz); 2.38 (s, 3H); 4.16 (d, 1H, J= 2.5 Hz); 4.51 (dq,
1H, J1= 6.9 Hz, J2= 2.5 Hz); 6.94- 7.09 (m, 2H); 7.10- 7.44 (m, 8H); 7.60 (d, 2H, J= 8.3 Hz)
7.99 (dd, 1H, J1= 8.0 Hz, J2= 1.6 Hz).
13C NMR (CDCl3) δ 12.45, 30.37, 53.94, 75.27, 118.03, 122.10, 126.05, 126.67, 126.93,
127.95, 128.64, 129.19, 130.71, 136.11, 137.85.
1.3.6. Ring-opening of epoxides with aluminium triphenoxide.
Typical Procedure as follows: aluminium triphenoxide was added at rt or at 0°C to a solution
of  1.0 mmol of epoxide in the appropriate solvent (1.0 mL) (see Table 1.7) under a magnetic
stirring. The reaction was followed by TLC and was quenched, after the times indicated in the
tablle 1.7, with 5% aqueous NaOH (2.0 mL). The solution was diluted with Et2O  or CH2Cl2
(30 mL) and washed twice with brine (3.0 ml each). Evaporation of the dried organic solution
afforded a crude reaction mixture which was subjected to flash chromatography to give the
pure compounds. For 1H NMR and 13C NMR data see reactions of the corresponding epoxides
with triphenyl borate 1b.
N
O
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Ring-opening of epoxides with Triphenyl borotrithioate (1f).
2-phenyl-2-(phenylthio)ethanol (1.42) (Scheme 1.31).
Using the typical procedure described for the ring opening of epoxides with
aromatic borates, borate 1f (405.6 mg, 1.2 mmol) was added at rt to a
solution of styrene oxide (120.0 mg, 1.0 mmol) in CH2Cl2 (1.0 mL). The
mixture was allowed to react for 2 hours. The product (yield= 75%) was isolated by column
chromatography eluting with hexanes/AcOEt 6:4, as a semisolid.44
S
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Chapter 2
Stereoselective ring opening of oxetanes with phenols
2.1 Introduction
Based on the results obtained in the ring-opening of three membered heterocycles (see
chapter 1), we thought to extend our interest to the higher homologs of epoxides, the
oxetanes. In first instance, a preliminary discussion concerning the characteristics of the four-
membered ring of oxetanes compared with epoxides can be useful for understanding the
behaviour of these substrates in the nucleophilic ring-opening reactions.
Oxetanes are interesting building blocks in organic synthesis because of their ability to
undergo ring-opening reactions with a large variety of nucleophiles to give 1,3-substituted
alcohols. Oxetanes are very susceptibile to acid catalysis in ring-opening reactions. Analyzing
some model reactions, it can be observed that the specific rate constants for the acid-catalyzed
hydrolysis of trimethylene oxide is nearly as great as that of ethylene oxide,1 and similarity of
rates of the two oxides has been observed also for the acid-catalyzed reaction with sodium
thiosulfate.2 In contrast, non-acid catalyzed reactions of oxetanes proceed at an extremely
slow rate compared to those of ethylene oxides. Looking at the ring-opening of cyclic ethers,
it can be observed that three major factors, which are basicity, ring strain and steric hindrance,
are believed to contribute to their reactivity. In particular, the analysis of the basicity of these
substrates can be a valuable tool for understanding their behaviour in the acid-catalyzed
reactions. By a comparison of the electron density on the oxygen atom of several class of
cyclic and acyclic ethers, it can be observed an abnormally high electron density on the
oxygen atom of oxetanes. This produces a great difference of basicity between four-
membered cyclic ethers (pKa= -2.0), the acyclic ones (pKa= -3.6), and epoxides (pKa c.a -3.7).
This interesting characteristic can be explained considering the different hybridization of the
heteroatom of oxetanes with respect to epoxides. By the use of a computational study carried
out in our laboratory,3 we observed that the two lone pairs of the ethylene oxide oxygen
occupy p and sp0.52 orbitals while, with regards to the trimethylene oxide the two lone pairs
are located on sp and p orbitals. The major average p-character of these orbitals on the oxygen
of trimethylene oxide permits a more efficient coordination between this heteroatom and the
acid catalyst, thus favoring the formation of a reactive oxonium ion which compensates the
reduced reactivity due to the lower ring strain of this substrate with respect to the relative
oxiranic system. On the other hand, in ring opening reactions carried out in the presence of
strong nucleophiles under basic or neutral conditions, oxetanes usually exhibit a scarce
59
reactivity compared with oxiranes, since, in this case, the higher ring strain of the three-
membered heterocycles plays a major role.
Although their reactivity was widely studied since the fifties4 and the employment of
oxetanes in the synthesis of polymers has been extensively studied,5 a very few reports of
ring-opening reactions of these substrates using common nucleophiles, such as O-
nucleophiles, have been described so far. In this field, Macchia and co-workers6 reporeted the
acid-catalyzed ring opening of 6-phenyl-7-oxabicyclo[4.2.0]octane 2.1 with nucleophiles such
as methanol, water and 2,2,2 trichloroacetic acid (Table 2.1). It should be noted that in the
reactions carried with this third reagent, a stoichiometric amount of nucleophile was used,
while, with regard to methanol and water, the nucleophile was also the reaction solvent.
Table 2.1 Acid-catalyzed ring-opening reaction of oxetane 2.1.a
.
Entry Solvent Acid Syn:anti ratio
1 Cyclohexane CCl3COOH 67.5: 32.5
2 CCl4 CCl3COOH 66.0: 34.0
3 Benzene CCl3COOH 72.0: 28.0
4 CHCl3 CCl3COOH 80.0: 20.0
5b H2O H2SO4 18.5: 81.5
6 MeOH H2SO4 14.0: 86.0
7 MeOH/H2O (9:1) H2SO4 10.0: 90.0
a All reactions were carried out at room temperature b The corresponding syn and anti diols were
obtained.
Looking at the table, it can be observed that the products distribution is closely related to the
choice of the reaction conditions. While the use of a stoichiometric amount of nucleophile
afforded a mixture where the syn-adduct was the main product (entries 1-4), using methanol
or water as solvents the formation of a large amount of the anti-adduct was observed (entries
5-7). It should be noted that this particular behaviour had been already observed by Berti and
co-workers in analogous reaction carried out using 1-phenylcyclohexene oxide.7
In a related approach Kellogg and Xianming8 reported an acid-catalyzed hydrolysis of
2-phenyl-3,3-dimethyloxetane 2.3 to give compound 2.4 in a quantitative yield (Scheme 2.1).
OPh
2.1
CH2OH
NuPh
syn-adduct
CH2OH
NuPh
anti-adduct
+Acid catalyst
Solvent, rt
Nucleophile
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Scheme 2.1 Hydrolysis of aryl oxetane 2.3 catalyzed by H2SO4.
It should be noted that in this case was necessary the use of higher temperature for the
obtainment of the desidered ring-opened compound 2.4  in high yield. Because there was a
potential ambiguity in the point of attack of water, the authors also examined the regio- and
enantioselectivity of acid catalyzed methanolysis of optically pure oxetane 2.3 (Scheme 2.2).
In this way, the reaction of optically active 2.3 with methanol in the presence of 1% of H2SO4
provided the compound 2.5 in high yields and good anti-stereoselectivity.
Scheme 2.2 Ring-opening of aryl oxetane 2.3 with methanol catalyzed by H2SO4.
Alkyl hydroperoxides represent another type of oxygen-based nucleophile used in the
acid-catalyzed ring-opening reactions of oxetanes. In particular, Dussault and co-workers
reported the acid-catalyzed reaction of several optically active tertiary oxetanes with alkyl
hydroperoxides to give the corresponding ring-opened products in acceptable yields and high
anti-stereoselectivity (Scheme 2.3).9
Scheme 2.3 Ring-opening of tertiary oxetanes with alkylhydroperoxides.
While tertiary oxetanes undergo the attack of the nucleophiles, it should be noted that
secondary oxetanes are totally unreactive in these reactions conditions. This is likely due to
the lesser ability of a secondary oxetane to stabilize the positive charge of the electrophilic
reaction site.
O
2.3
OHOH
2.4
0.5 H2SO4
reflux, 12h
yield= 97%
O
2.3
OMeOH
2.5
1% H2SO4, MeOH
reflux, 12h
yield= 87% 
anti/syn = 85/15
O
Me
R
ROOH, (1.5 equiv.)
TMSOTf (0.25 equiv.)
Et2O
R OH
Me OOR yield= 39- 54%
er ratio up to 90/ 10
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Next to this examples of in termolecular ring-opening reaction, also some
intramolecular alcholysis of oxetanes are described in literature. In a representative work
reported by Bach and Kather, an interesting intramolecular nucleophilic substitution of
functionalized oxetanes was described.10 The authors used several diasteroisomerically pure
oxetanes of type 2.6 bearing a appropriate nucleophile on the side chain as indicated in the
Scheme 2.4. The reaction, carried out in DME and in the presence of a stoichiometric amount
of MeLi, afforded the corresponding heterocycles of type 2.7 in fair to high yields and with a
complete regioselectivity of the ring-opening reaction at the less hindered position.
Scheme 2.4 Intramolecular ring-opening of oxetanes in basic conditions.
It also should be noted that this last example foresees the use of harsh basic condition in sharp
contrast to the others  acid-catalyzed procedure described in this introductory section.
Despite these interesting efforts, it should be noted that the use of phenols in the ring-
opening reaction of oxetanes has not been described so far. For this reason, we thought to
explore the possibility to extend the results obtained using aromatic borates in the ring-
opening of epoxides and aziridines to this other class of small-ring heterocycles.
O
Ph OTMS
MeLi
DME
25°C to 85°C
X
Xn
OH
Ph
OH
n yield= 52- 91%
2.6 2.7
X= SH, O-Piv, NHPG
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2.2 Results and discussion
In a preliminary study, we investigated the reaction of triphenyl borate 2a with (R)-2-
phenyloxetane 2.8 in THF at room temperature. This substrate, which can be easily prepared
from the commercially available (R)-3-chloro-1-phenylpropan-1-ol (99:1 er) via basic
cyclization using t-BuOK, afforded the desired compound 2.9 with a fair yield, complete
regioselectivity at the benzylic position and a high stereoselectivity (87:13 er) (Scheme 2.5).
Unfortunately, the formation of an important amount of the corresponding diol 2.10 (ca 30%)
was observed. As stated in the section 1.2.2, the formation of diol 2.10 can be reasonably
explained by the presence of free, not activated hydroxyl functionalities on the boron atom.
Scheme 2.5 Ring-opening of oxetane 2.8 with triphenyl borate.
Because oxetanes are poorly reactive under basic conditions, the stereoselectivity of this ring-
opening reaction could not be demonstrated after comparison between the ring-opened
product 2.9 with the corresponding anti-aryloxy alcohol, obtained under basic reaction
conditions, as stated for epoxides and aziridines (see sections 1.2.1 and 1.2.2). Therefore, we
thought to use this protocol for the synthesis of compounds of known absolute configuration
which could give us the possibility to demonstrate the stereoselectivity of our ring-opening
reaction. Very interestingly, we observed that well-known important pharmaceuticals such as
Tamoxetine or Fluoxetine could be useful terms of comparison.
NHCH3. HCl
O
NHCH3. HCl
O
CF3
(R)-Tamoxetine (R)-Fluoxetine
O
2.8
2a, 1.5 equiv.
THF, rt
OH
O
2.9
yield= 53%
er ratio= 87:13
OH
OH
+
2.10
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In particular, the synthesis of Tamoxetine was carried out in our laboratory using the synthetic
route described in the the Scheme 2.6.  The ring-opening reaction of oxetane 2.8 with tris(2-
methylphenyl)borate 2b afforded exclusively aryloxy alcohol 2.11 with acceptable yields and
good stereoselectivity (er 80:20). The following activation of the hydroxyl group by
converting it into the mesylate allowed the substitution reaction with methylamine to give the
compound 2.12, which can be easily converted into Tamoxetine by the use of ethereal
hydrogen chloride.
Scheme 2.6 Synthesis of (R)-Tamoxetine via ring-opening of oxetane 2.8 with tris-(2-
methylphenyl)borate.
At this point, the demonstration of the stereoselectivity of the ring-opening reaction of
oxetane 2.8 with aryl borates could be easily deduced comparing the specific rotatory power
of Tamoxetine obtained with our protocol ([α]20D= -32.3, c =1.01, MeOH) with the date
reported in literature11 ([α ]20D= -40.3, c=1.02, MeOH). In this manner we were able to
demonstate, in first instance, the absolute configuration of Tamoxetine and, as a consequence,
the syn-stereoselectivity of our ring-opening reaction.
In order to study the influence of the borates on the stereoselectivity of this process,
several borates made with phenols bearing a substituent on the aromatic ring of the phenol
were synthetized. A first detailed study was carried out using o-substituited phenols in the
reaction with oxetane 2.8. The results obtained are summarized in the Table 2.2.
O
2.8
2b, 1.5 equiv.
THF, rt
OH
O
2.11
yield= 51%
er ratio= 80:20
1) MsCl, Py
2) MeNH2 aq. /ΔT
NHMe
O
2.12
HCl.Et20
2 2
[α]20D= -32.3, (c=1.01 (MeOH), 60% ee
lit.11 [α]20D= -40.3, (c=1.02, MeOH), 98% ee
NHCH3. HCl
O
(R)-Tamoxetine
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Table 2.2. Ring-opening of oxetane 2.8 with o-substituted aryl boratesa.
Entry Borate Solvent Time Product (yield%)a Syn/anti
1
2c
THF 0.5 h 2.13
  (78)
88/ 12
2 2d THF 1h 2.14
 (83)
93/ 7
3 2e THF 0.5h 2.15
 (58)
87/ 13
4 2e CH2Cl2 0.5h 2.15
 (56)
85/ 15
5 2f THF 2h 2.16
 (86)
73/ 27
6 2f CH2Cl2 2h 2.16
 (82)
72/ 28
a All reactions were carried out at room temperature bIsolated yields of the syn-adducts after
chromatographic purification (SiO2).
Looking at the table, it can be observed the good syn-stereoselectivity obtained in the ring-
opening of oxetane 2.8 with this kind of borates. In particular, a very high syn-
stereoselectivity was obtained with the use of tris(2-chlorophenyl) borate 2c (er 93/ 7) (entry
2). It also should be noted that the choice of the solvent do not seem to play a significant role
in the stereoselective outcome of this ring-opening reaction. Even if the reaction was carried
out using dichloromethane as well as THF, similar results were obtained with regard to the
yields and the stereoselectivities for both tris(2-bromophenyl) borate  2e (entries 3 and 4) and
benzo[d][1,3,2]dioxaborol-2-ol 2f (entries 5 and 6). Furthermore, it is worth mentioning that
the reactions of borates 2c- 2f with 2-phenyl-oxetane 2.8 were very fast, giving in less than
one hour the desired ring-opened products 2.13- 2.16 with complete regioselectivity and high
syn-stereoselectivity.
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After these promising results, we examined some alternative Lewis acid-catalyzed
reactions in order to verify the efficiency of our new reaction protocol.
Scheme 2.7 Lewis acid-catalyzed ring-opening of oxetane 2.8 with o-chlorophenol.
With our pleasure, we observed that reaction carried out with an “external” Lewis acid could
not reproduce the particular results obtained with our reaction protocol. Infact, while the use
tris(2-chlorophenyl) borate 2d in the ring opening of oxetane 2.8 afforded the compound 2.14
in very good yields (83%) and a high syn-stereoselectivity (93/ 7 er) (table 2.2, entry 2),
Sc(OTf)3 allowed the attack of phenol to the oxetane 2.8, giving the same product in
interesting yields, but with a low stereoselectivity (58/ 42 er). On the other hand, Yb(OTf)3
proved to be totally uneffective giving the desired compound 2.14 with a very low yields
(33%).
After the interesting results obtained using borates made with phenols bearing a
substituent in ortho-position, we continued our study in the ring-opening reaction of oxetane
2.8 with para-substituted phenols (table 2.3).
O
OH
O
Cl
2-chlorophenol
(4.5 equiv.)
catalyst 10mol%
THF, rt
 Catalyst               Yield         Syn/anti
 
 Sc(OTf)3                80%           58/ 42
 Yb(OTf)3                 33%            n.d
2.8 2.14
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Table 2.3 Ring-opening of oxetane 2.8 with p-substituted aryl borates.
Entry Borate Solvent Time Product (yield%)a Syn/anti
1
2g
THF 2 h 2.17
                                 (52)
82/ 18
2
 2h
THF 1h 2.18
(81)
80/ 20
3b
2i
THF 1h 2.19
(43)
60/ 40
4
2i
CH2Cl2 1h 2.19
                                 (58)
77/ 23
5b
2i
CH2Cl2 1h 2.19
                                 (54)
76/ 24
aIsolated yields of the syn-adducts after chromatographic purification (SiO2). b The reaction was carried
at –78°C.
Also with these borates 2g-2i, the ring-opening reaction occurred to give the corresponding
aryloxy alcohols 2.17-2.19 with complete regioselectivity at the benzylic position and with
fair to very good yields. In particular, the reaction of oxetane 2.8  with tris(4-
methoxyphenyl)borate 2 g  and tris(4-(trifluoromethyl)phenyl) borate 2h in THF afforded
respectively compound 2.17 and 2.18 with good syn-stereoselectivity (entries 1, 2). On the
other hand, if the same reaction was carried out using tris(4-nitrophenyl) borate 2i, aryloxy
alcohol 2.19 was obtained with acceptable yields but with a low stereoselectivity (entry 3).
The use of dichloromethane in this last ring-opening reaction allowed the formation of the
desired compound 2.19 with a higher yield and with a significant increase of the syn-
stereselectivity (entry 4). It also should be noted that reaction temperature does not seem to
have an important role in the stereoselectivity of this ring-opening reaction. Infact, the ring
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opening of compound 2.8 with tris(4-nitrophenyl) borate 2i gave the same result if carried out
at room temperature as well as at –78°C (entries 4 and 5).
As stated in this section, the use of borates 2a-2i in the reaction with oxetane 2.8
afforded exclusively the desired aryloxy alcohols 2.09- 2.19. On the other hand, the reaction
carried out using styrene oxide and electron-rich borates such as tris(2-methyl)borate 2b or
tris(4-methoxyphenyl)borate 2g afforded a reaction mixture where important amounts of the
Friedel-Crafts type products were present (see chapter 3, section 3.2.1). In order to verify the
favoured formation of O-alkylated products in the reaction of aryl borates with oxetanes with
respect to epoxides, also the electron-rich tris(3,5-dimethoxyphenyl)borate 2j was considered
(Scheme 2.8). This borate was chosen because of its ability to give the exclusive formation of
C-alkylated product in the reaction with styrene oxide (see chapter 3, section 3.2.1).
Scheme 2.8 Ring-opening reactions of (R)-styrene oxide and (R)-oxetane 2.8 with tris(3,5-
dimethoxyphenyl)borate 2j.
If compared with the results obtained with optically active styrene oxide (scheme 2.8), it
could be observed that oxetane 2.8 in the reaction with borate 2j afforded a large amount of
the O-alkylated product 2.21  (35% of the crude reaction mixture) with a high syn-
stereoselectivity (93/7 er). On the other hand, the Friedel-Crafts type product 2.20 was
obtained with a significantly lower stereoselectivity (56/44 er). With regard to the formation
of Friedel-Crafts type products, it should be noted the different stereoselective behavior of
O
2j, (1.5 equiv.)
CH2Cl2, -78°C
OH
OHMeO
OMe
O
(R)-Styrene oxide
2j, (1.5 equiv.)
CH2Cl2, -78°C
OH OH
O
+
MeO OH
OMe MeO
OMe
2.8
2.20 2.21
C-Alk/O-Alk= >95/ <5
syn/ anti= 93/7
yield= 77%
C-Alk/O-Alk ratio:            65.0                                 35.0
                 
Yield (%):                        49.3                                 15.4                         
          
Syn/Anti:                        56/44                                93/7
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styrene oxide and 2-phenyloxetane 2.8  in the ring opening reaction with tris(3,5-
dimethoxyphenyl)borate 2j. While the reaction of styrene oxide afforded exclusively the C-
alkylated product with a high syn-stereoselectivity, with oxetane 2.8 the corresponding
hydroxy phenol 2.20 was obtained with a lower yield and in racemic form. A plausible
mechanism able to explain this Friedel-Carfts type alkylation of oxetanes and epoxides will
be discussed in the next chapter (chapter 3, section 3.2.1).
 Considering that the ring-opening of oxetane 2.8 with aryl borates is reasonably under
electronic control, we continued our investigation analyzing the effect of the substituent on
the aryl moiety of oxetane in the stereoselective outcome this particular ring-opening reaction.
Looking at the literature, it should be noted that Macchia and co-workers reported that the
presence of a substituent on the aromatic ring did not have any influnce with regard to the
stereoselectivity of the acid-catalyzed ring-opening of 6-phenyl-7-oxa-bicyclo[4.2.0]octane
with trichloroacetic acid.12 On the other hand, it is known that a substituent on the aromatic
ring has a great importance in the ring-opening reactions of aryl glicydic esters with aromatic
borates (see chapter 1, section 1.2.1 and chapter 3, section 3.2.1). In order to investigate the
behaviour of 2-aryloxetanes in the ring-opening reaction with aryl borates, we thought to
synthetize two different optically active substrates having, respectively, an electron-
withdrawing and an electron-donating group on the aryl moiety. To this end, we envisioned
that aryl oxetanes might be prepared by the synthetic route summarized in the Scheme 2.9, in
which the Sharpless epoxidation represents the enantioselective step.13
Scheme 2.9. Synthesis of substituted 2-aryl oxetanes by Sharpless asymmetric epoxidation.
Unfortunately, attempts to synthetize the desired 2-aryl oxetanes under these reaction
conditions proved not to be effective, since the selective ring-opening by the use of Red-Al
afforded the expected 1,3 diols of type A with a poor yield (<10%).
With regard to the synthesis of the aryl oxetane substituted with an electron-
withdrawing group, the solution was found in the use of the reaction conditions reported by
Okuma and co-workers,14 which allowed us the preparation of the desired (S)-2-(3-
chlorophenyl)oxetane 2.22 from the corresponding optically active epoxide by means of a
homologation reaction (Scheme 2.10).
OH
1)Asymmetric 
epoxidation
2) Red-Al
OH
OH
1)Selective Mesylation
O
2)Cyclization
RRR
A
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Scheme 2.10 Synthesis of (S)-2-(3-chlorophenyl)oxetane 2.22.
On the other hand, (S)-2-p-tolyloxetane was prepared using the synthetic route described
above (Scheme 2.11). The asymmetric reduction of 3-chloro-1-p-tolylpropan-1-one with (R)-
CBS afforded the (S)-3-chloro-1-p-tolylpropan-1-ol 2.23 with good yields (76%) and very
high enantioselectivity (ee >98%).15 A simple cyclization under basic conditions afforded the
optically active oxetane 2.24  in quantitative yields.
Scheme 2.11 Synthesis of (S)-2-p-tolyloxetane 2.24.
Using the reaction of oxetane 2.8 with tris 2-(bromophenyl)borate 2e in THF as term of
comparison (Table 2.2, entry 3), the ring-opening reactions of oxetanes 2.22 and 2.24 were
carried out and the results obtained are summarized in Table 2.4
O
ClCl O
H3C S
CH3
CH3
O I--
+
t-BuOK/ t-BuOH
3 days, 50°C 2.22
O
Cl
O
Cl
OHBH3. Me2S
(R)-CBS
THF
30 min, 0°C
t-BuOK
THF, rt
2.23 2.24
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Table 2.4 Ring-opening of aryl-oxetanes with 2-(bromophenyl)borate 2e.a
Entry Oxetane Solvent Time Product (yield%) Syn/anti
1
    2.8
THF 30min 2.15
  (58)
87/ 13
2
  2.22
THF 1h 2.25
 (50)
93/ 7
3
 2.24
THF 20min 2.26
(84)
74/ 26
a All reactions were carried out at room temperature.
Looking at the Table 2.4, it should be noted that the use of oxetane 2.22 bearing an electron-
withdrawing group on the aryl moiety afforded the corresponding ring-opened product 2.25
with a very high syn-stereoselectivity (entry 2). It also could be observed that, making a
comparison with oxetane 2.8, the reaction of oxetanes 2.24 gave the aryloxy alcohol 2.26 with
a higher yield but with a significant decrease of stereoselectivity (entry 3). This
stereoselective outcome can be reasonably explained considering that two competitive
pathways can be operative during this ring-opening reaction. First of all, the coordination of
boron to the oxygen of oxetane produces the formation of an advanced carbocationic specie
(Figure 2.1, A)  which rapidly evolve to a six-membered transition state (Figure 2.1, B), able
to permits the internal delivery of the nucleophile with retention of configuration and the
obtainment of the corresponding ring-opened product with a high syn-stereoselectivity.
O
O
Cl
O
OH
Br
O
O
OH
Br
Cl
O
OH
Br
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Figure 2.1 Plausible mechanism for the observed syn-stereoselectivity in the O-alkylation
pathway.
Furthermore, the reaction also could occur with the normal SN1 mechanism with the
formation of a discrete carbocationic specie (Figure 2.2) to give the desired aryloxy alcohol in
racemic form. With regard to the experimental data reported in the Table 2.4, it could be
observed that the electron-withdrawing group present on the aromatic ring of oxetane 2.22
drives the reaction to the formation of a six-membered transition state and permits the
obtainment of compound 2.25 with a high syn-stereoselectivity (Figure 2.1). On the other
hand, the presence of the methyl group on the aryl moiety of oxetane 2.24, able to stabilize
the positive charge on the benzylic position, favours the formation of a discrete carbocationic
specie and, in this way, delivers compound 2.26 with a lower syn-stereoselectivity (Figure
2.2). Since the cleavage of the C-O bond gives, in the case of oxetane 2.24, a more stable
carbocationic intermediate which has reasonably a longer half-life with respect to the
corresponding carbocationic intermediates deriving from substrates 2.8 and 2.22, it could be
assumed that, in this case, the cleavage of the C-O bond is followed not only by the formation
of a six-membered transition state (figure 2.1, B) but also by the free rotation of the system
where the attack of the internal nucleophile might occurr successively (Figure 2.2, patway D).
A further confirmation of this working hypothesis might be found in the absence of C-
alkylated products, also using electron-rich borates such as tris(2-methyl)borate 2b (Scheme
2.6) or tris(4-methoxyphenyl)borate 2g (Table 2.2, entry 1). This seems to indicate that for the
O-alkylation pathway an intermolecular attack of the nucleophile (Figure 2.2, pathway C),
O
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able to explain the racemization degree of this ring-opening reaction, is improbable
notwithstanding the formation of a discrete carbocationic specie.
Figure 2.2 Formation of a discrete carbocationic intermediate in the ring opening of aryl
oxetanes with aromatic borates.
Consistent with our expectations, the reaction of oxetane 2.8 with 2-chlorophenol 2d  carried
out using a stoichiometric amount of a strong Lewis acid such as BF3.Et2O, able to promote
the intermolecular ring-opening reaction with the normal SN1 mechanism with the formation
of a discrete carbocationic specie, did not afford the aryloxy alcohol 2.14 (Table 2.2, entry 2),
but a mixture of the para- and the ortho-adduct deriving from a Friedel-Crafts type alkylation
(Scheme 2.12).
Scheme 2.12 BF3.Et2O-catalyzed ring-opening of oxetane 2.8 with o-chlorophenol.
Intrerestingly, while the ring opening reaction of oxetane 2.22 with tris (2-
bromophenyl)borate 2e gave the desired ring-opened product 2.25 in one hour and with the
total consumption of the starting substrate (Table 2.3, entry 2), the corresponding reaction of
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3-chlorostyrene oxide occurred slowly giving a low conversion although longer reaction time
(conversion< 50% after 2 days) (Scheme 2.13).
Scheme 2.13 Ring-opening of 3-chlorostyrene oxide with tris (2-bromophenyl)borate 2e.
A possible explaination of the lower reactivity of 3-chlorostyrene oxide with respect to the
corresponding oxetane 2.22 might be found in the different ability of the two system to give
the formation of an advanced carbocationic intermediate. In a related study concerning the
acid catalyzed ring-opening of 6-phenyl-7-oxa-bicyclo[4.2.0]octane and corrisponding m-
chlorophenyl derivative with trichloroacetic acid,12 Macchia and co-workers reported that the
oxetane system was able to give the formation of a more stable carbocationic intermediate
with respect to the corresponding epoxide. In this work, the authors also affirmed that the
great ability of oxetanic systems to give stable carbocationic intermediate is demonstrated by
the very similar stereoselective outcome of the acid-catalyzed ring-opening reaction using 6-
phenyl-7-oxa-bicyclo[4.2.0]octane and the corrisponding m-chlorophenyl derivative with
trichloroacetic acid. On the other hand, analogous reaction carried out with 1-
phenylcyclohexene oxide and 1-(3-chlorophenyl)cyclohexene oxide showed a dramatic
decrease of stereoselectivity of the m-chloro derivative with respect to the unsubstituted
epoxide,16 thus demostrating the important effect of substituent on the aromatic moiety for the
formation of an advanced carbocationic species in the acid-catalyzed ring-opening of aryl
epoxides.
In order to evaluate the influence of a substituent on the oxetane ring on the
stereoselective outcome of this ring-opening reaction, we also synthetized compound 2.29a
following the synthetic approach described in the Scheme 2.14. The first reduction of
commercially available 1,3-diphenylpropane-1,3-dione with NaBH4 afforded an inseparable
mixture of the diastereoisomeric 1,3-diols of type 2.30a,b with a high yield (84.5%). The
following substitution with hydrogen chloride gave the corresponding derivatives of type
2.31a,b, which then cyclized by the use of t-BuOK to diastereoisomeric oxetanes 2.29a and
2.29b, in ratio 2/1 respectively. The subsequent flash column chromatography afforded pure
2.29a (see experimental section for details).
O
2e, 1,5 equiv.
CH2Cl2, rt
2 days
Cl OH
O
Cl
Br
Conversion < 50%
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Scheme 2.14. Synthesis of oxetane 2.29a.
Interestingly, the following reaction of oxetane 2.29a with tris(2-bromophenyl) borate
2e afforded an unseparable mixture of the two possible diastereoisomers 2.32a,b (syn/anti=
65/35, determined by 1H NMR analysis) as reported in the Scheme 2.15.
Scheme 2.15. Ring-opening of oxetane 2.29a with borate 2e.
Comparing this result and the relative ring-opening reactions of 2-aryl oxetanes 2.8,
2.22 and 2.24 carried out using borate 2e (Tables 2.2 and 2.4), it can be observed that the
stereoselectivity of the ring-opening is substantially reduced.
During this investigation about the ring-opening reactions of 2-aryloxetanes with triaryl
borates, we envisioned that some of the ring-opened products could be valuable intermediates
for the obtainment of 2-phenyl-1,5-benzodioxepines.17 In particular, the cyclodehyration of
compound of 2.16 (Table 2.2, entry 5), deriving from the ring-opening of the optically active
oxetane 2.8 with benzo[d][1,3,2]dioxaborol-2-ol 2f, could be a valuable synthetic process for
the preparation of this class of heterocycles. As stated for the synthesis of 1,4-benzodioxanes
O O
OH OH
2.30a,b
NaBH4 1.0 equiv
EtOH
HCl 2.0 equiv
Hexanes/THF 6:1
OH Cl
2.31a,b
O
 t-BUOK/THF
O
2.29a
H H
2.29a + 2.29b
purification
O
2.29a
H H
2e, 1.5 equiv.
THF
O OH
Br
2.32a,b
syn/anti= 65/35
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(chapter 1, section 1.2.3), also for this cyclodehydration we used Mitsunobu reaction and in
this way we were able to prepare the compound 2.33 as described in the Scheme 2.16.
Scheme 2.16 Synthetic route for the preparation of compound 2.33.
Looking at the Scheme 2.16, it is possible to observe that this simple synthetic process
permits the obtainment of compound 2.33 with a very good overall yield (72%) and with no
loss of optical purity respect to the ring-opened product 2.16 (see table 2.2, entry 5). On the
other hand, the relative low syn-stereoselectivity of compound 2.16 represented a significant
impediment for the obtainment of compound 2.33 with a high stereoselectivity. In order to
increase the optical purity of compound 2.33, we thought to use another approach for the
cyclization of the aryloxyalcohols obtained with our ring-opening reaction. In particular, we
envisioned that a Pd-catalyzed substitution reaction of aryl halides with alcohols described by
Buchwald18 could be a valuable tool for the synthesis of (R)-2-phenyl-1,5-benzodioxepine
2.33 (Scheme 2.17).
Scheme 2.17 Synthesis of compound 2.33 via Pd-catalyzed cyclization.
Consistently with our expectations, this cyclization reaction afforded the compound 2.33 with
a good yield (60%). Since the starting aryloxy alcohol 2.15 was obtained with a good syn-
O
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O
2f, 1.5 equiv.
THF, rt OH
O
OH
DEAD, PPh3
THF, rt
2.16 2.33
overall yield= 72%
er= 73/27
syn/anti= 73/27
O
O
OH
O
Br
Pd2.(dba)3 (1.5 mol%)
Ligand L1 (3.5 mol%)
Cs2CO3, Toluene
rt, 2 days
2.15 2.33
yield= 60%
er= 87/13
L1=
N
Pt-Bu
t-Bu
syn/anti= 87/13
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stereoselectivity by the ring opening reaction of oxetane 2.8 with borate 2e (Table 2.2, entry
3), this syntetic route allowed the obtainment of compound 2.33 with a significant increase of
the optical purity with respect to the ring-closure via Mitsunobu reaction (Scheme 2.16).
However, considering the optical purity of the final benzodioxepine 2.33, the cyclization
procedure described in Scheme 2.13 seems to be more suitable because it is essentially more
simple, short and cheap with respect to the palladium-catalyzed reaction shown in Scheme
2.17.
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2.3 Experimental section
General methods. THF, CH2Cl2 on molecolar sieves were purchased from Fluka and used as
such. Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets (Macherey-
Nagel) with detection by 0.5% Phosphomolybdic acid solution in 95% EtOH. Silica gel 60
(Macherey- Nagel 230- 400 mesh) was used for flash chromatography. Solvents for extraction
and chromatography were HPLC grade.
1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. Chemical
shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as the
internal standard (deuterochloroform: δ 7.26, deuteromethanol: δ  3.31). 13C NMR spectra
were recorded on a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton
decoupling. Chemical shifts are reported in ppm downfield from tetramethylsilane with the
solvent resonance as the internal standard (deuterochloroform: δ 77.0, deuteromethanol: δ
49.0). Analytical high performance liquid chromatography (HPLC) were performed on a
Waters 600E equipped with Varian Prostar 325 detector using Daicel Chiralcel OD-H column
with 0.5 mL solvent flow and detection at 220 nm.
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. Mass spectra
ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped with a
software Xcalibur. Elemental analysis were performed in our analytical laboratory with a
Carlo Erba DP200 instrumentation and agreed with the theoretical values to within +/-0.4%.
Synthesis of aromatic borates.
Following a previously described procedure for the preparation of triphenyl borate19, a
solution of substituited phenol (90 mmol) in degassed THF (20 mL) was added at 0°C to
BH3⋅Me2S (30.0 mmol) under argon. The mixture was allowed to react up to complete
evolution of H2. Evaporation of organic solution afforded aromatic borates 2a- j, which were
not further purified and used immediately after their preparation.
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Synthesis of aryl oxetanes.
(R)-2-phenyloxetane (2.8)
To a solution of commercially available (R)-3-chloro-1-phenylpropanol (500
mg, 2.93 mmol) in THF (25 mL) was added t-BuOK (985.3 mg, 8.79 mmol)
under a magnetic stirring. The mixture was allowed to react for 4 hours. The mixture was then
concentrated in vacuo, diluted with Et2O (20 mL), washed with brine (10 mL, 3 times) and
dried over magnesium sulfate. Evaporation of the dried organic solution afforded pure
oxetane 2.8 (yield= 82%), as a liquid.20
1HNMR (CDCl3) δ 2.50- 2.63 (m, 1H); 2.87- 2.98 (m, 1H); 4.53- 4.64 (m, 1H); 4.71- 4.80 (m,
1H); 5.77 (t, 1H, J= 7.5 Hz); 7.25- 7.50 (m, 5H).
13C NMR (CDCl3) δ 30.7,  68.1, 82.9, 125.3, 127.8, 128.5, 143.6.
(S)-2-(3-chlorophenyl)oxetane (2.22) (Scheme 2.10).
Following a previously described procedure for the preparation of 2-aryl
oxetane,14 to a solution of trimethylsolfoxonium iodide (1.46 g, 6.52 mmol)
in t-BuOH (13.0 mL) was added dropwise a solution of t-BuOK (0.73 g, 6.52 mmol) in t-
BuOH (8.2 mL) under magnetic stirring. The mixture was allowed to react for  30 minutes at
50°C. To a stirring mixture was then added dropwise a solution of commercially available
(R)-3-chlorostyrene (98% ee) in t-BuOH (8.4 mL). The mixture was allowed to react for 2
days at 50°C. The mixture was concentrated in vacuo, diluted with hexanes (40 mL), washed
with brine (10 mL, 3 times) and dried over magnesium sulfate. Evaporation of the dried
organic solution afforded pure oxetane 2.22 (yield= 71%), as a liquid.
1HNMR (250 MHz, CDCl3) δ 2.50- 2.62 (m, 1H); 2.95- 3.04 (m, 1H); 4.57- 4.65 (m, 1H);
4.73- 4.82 (m, 1H); 5.72 (t, 1H, J= 8.0 Hz); 7.20- 7.41 (m, 4H).
13C NMR (62.5 MHz, CDCl3) δ 30.6, 68.4, 82.1, 123.2, 126.2, 127.8, 129.8, 145.6.
[α]20D= -146.7 (c 1.37, CHCl3, ee= 98%).
3-chloro-1-p-tolylpropan-1-one (Scheme 2.11).
Following a previously described procedure,21 to a  solution of aluminum
chloride (3.97 g, 30 mmol) in 47 mL of CS2 was added toluene in (150
mmol, c.a 16mL) at room temperature under magnetic stirring and argon protection. Then, 3-
chloropropanoyl chloride (3.807 g, 30 mmol) dissolved in 7 mL of CS2 was added at a
constant rate over a period of 5 min. The reaction was allowed to proceed an additional 10
O
O
Cl
Cl
O
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min after the addition was complete. The solution was then washed with ice water and
extracted with ether. The crude reaction mixture (containing c.a 17% of orto-stereoisomer)
was then purified by column chromatography eluting with hexanes/ AcOEt 9:1, giving pure
3-chloro-1-p-tolylpropan-1-one as a solid.21
(S)-3-chloro-1-p-tolylpropan-1-ol (2.23) (Scheme 2.11)
Following a previously described procedure,15 to a solution of (R)-(+)-
Cbs (0.7 mL of a solution 1M in toluene) and BH3.Me2S (0.4 mL, 4.06
mmol) in anhydrous THF (4.0 mL) was added at 0°C dropwise a solution of 3-chloro-1-p-
tolylpropan-1-one (900 mg, 6.16 mmol) in anhydrous THF (12.0 mL) under magnetic stirring.
The reaction was allowed to react for 30 minute and then quenched with MeOH. The mixture
was then evaporated in vacuo, diluted with toluene and treated with ethereal hydrogen
chloride. The resulting suspension was then filtered and the subsequent colorless solution was
evaporated to give a with solid. The following cristallization afforded pure (S)-3-chloro-1-p-
tolylpropan-1-ol (yield 69%), as a white solid.
1HNMR (250 MHz, CDCl3) δ 2.00- 2.30 (m 3H); 2.33 (s, 3H); 3.48- 3.59 (m, 1H); 3.62- 3.75
(m, 1H); 4.82. 4.91 (m, 1H). 7.10- 7.29 (m, 4H).
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 12.49 (R , major
stereoisomer), 14.70 (S, minor stereoisomer), ee=98%.
(S)-2-p-tolyloxetane (2.24) (Scheme 2.11).
To a solution of (S)-3-chloro-1-p-tolylpropan-1-ol (541 mg, 2.93 mmol) in
THF (mL) was added t-BuOK (985 .3 mg, 8.79 mmol) under a magnetic
stirring. The mixture was allowed to react for 4 hours. The mixture was then concentrated in
vacuo, diluted with Et2O (20 mL), washed with brine (10 mL, 3 times) and dried over
magnesium sulfate. Evaporation of the dried organic solution afforded pure oxetane 2.24
(yield= 85%), as a liquid.
 1HNMR (250 MHz, CDCl3) δ 2.39 (s, 3H); 2.61- 2.74 (m, 3H); 4.62- 4.70 (m, 1H); 4.79- 4.87
(m, 1H); 5.80 (t, 1H, J= 7.3 Hz); 7.23 (d, 2H, J= 8.0 Hz); 7.38 (d, 2H, J= 8.0 Hz).
13C NMR (62.5 MHz, CDCl3) δ 21.2, 30.8, 68.1, 83.0, 125.4, 129.2, 137.6, 140.6.
[α]20D= -149.1 (c 1.5, CHCl3, ee= 98%).
Cl
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1,3-diphenylpropane-1,3-diol (2.28a,b) (Scheme 2.14)
To a solution of commercially available 1,3-diphenylpropane-1,3-dione
(5.0 g, 22.3 mmol) in absolute ethanol (40 mL) was added NaBH4 (844
mg, 22.3 mmol) at rt under magnetic stirring. The reaction was allowed to react for 18 hours
at rt. The following column chromatography eluting with hexanes/AcOEt 8:2 afforded an
inseparable mixture of the diastereoisomeric 1,3-diols of type 2.28a,b.
3-chloro-1,3-diphenylpropan-1-ol (2.29a,b) (Scheme 2.14).
To a solution of 1,3-diphenylpropane-1,3-diols (2.28a,b) (912 mg, 4.0
mmol) in a mixture 6/1 of hexanes and THF (11.0 mL) was added
hydrogen chloride (0.76 mL of a solution at 37% in water, 8.0 mmol) at rt under magnetic
stirring. The mixture was allowed to react for 18 hours at 90°C (conversion= 60%). The
following column chromatography eluting with hexanes/AcOEt 7:3 afforded an inseparable
mixture of the diastereoisomers of type 2.29a,b, in ratio 2:1.
(2S*,4R*)-2,4-diphenyloxetane (2.27a) (Scheme 2.14).
To a solution of 2.29a,b (130 mg, 0.53 mmol) in THF (5 mL) was
added t-BuOK (178.2 mg, 1.59 mmol) under a magnetic stirring. The
mixture was allowed to react for 4 hours. The mixture was then concentrated in vacuo, diluted
with Et2O (10 mL), washed with brine (4 mL, 3 times) and dried over magnesium sulfate. The
mixture was purified by column chromatography eluting with hexanes/Et2O 95:5 + 4% Et3N
to give pure compound 2.27a (yield= 47.6%), as a solid. M.p= 69- 71°C.
1HNMR (250 MHz, CDCl3) δ 3.00 (t, 2H, J= 8.0 Hz); 5.86 (t, 2H, J= 8.0 Hz); 7.30- 7.60 (m,
10 Hz).
 Ring-opening of aryl oxetanes.
General Procedure as follows: a solution of aryl borate 2a-2j (0.45 mmol) in THF (1.0 mL)
was added under argon to a stirred solution of oxetane (0.3 mmol) in THF (0.5 mL). The
reaction was followed by TLC and the organic solvent was evaporated after complete
consumption of the starting oxetane. The crude reaction mixture was then purified by silica
gel column chromatography to give the pure compounds.
OH OH
OH Cl
OH H
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(R)-3-phenoxy-3-phenylpropan-1-ol. (2.9) (Scheme 2.5).
Using the general procedure described above, a solution of
triphenylborate (2a) (130.5 mg, 0.45 mmol) in THF (1.0 mL) was added
at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in
THF (0.5 mL). The mixture was allowed to react for 3.0 hours at rt. The mixture was purified
by column chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.9 (yield=
53%), as an oil.
1H NMR (250 MHz, CDCl3) δ 1.96 OH  (br, s, 1H); 2.00- 2.28 (m, 2H); 3.75- 3.89 (m, 2H);
5.36 (dd, 1H, J1=8.8 Hz, J2=4.3 Hz); 6.80- 6.90 (m, 3H); 7.13- 7.40 (m, 7H).
13C NMR (62.5 MHz, CDCl3) δ 41.2, 59.9, 78.1, 115.9, 121.0, 125.8, 127.6, 128.7, 129.4,
1415, 157.8.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 16.7 (S, minor stereoisomer),
19.0 (R, major stereoisomer).
(R)-3-phenyl-3-(o-tolyloxy)propan-1-ol (2.11) (Scheme 2.6)
Using the general procedure described above, a solution of trio-tolyl
borate (2b) (149.4 mg, 0.45 mmol) in THF (1.0 mL) was added at rt to a
solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in THF (0.5
mL). The mixture was allowed to react for 1 hour at rt. The mixture was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.11 (yield= 51%), as a
oil.
1H NMR (250 MHz, CDCl3) δ 1.72- 1.98 OH (br, m, 1H); 2.03- 2.29 (m, 2H); 2.31 (s, 3H);
3.78- 3.92 (m, 2H); 5.38 (dd, 1H, J1=8.3 Hz, J2=4.3 Hz); 6.61 (d, 1H, J= 8.3 Hz); 6.74- 6.80
(m, 1H); 6.92- 6.98 (m, 1H); 7.08- 7.12 (m, 1H); 7.20- 7.38 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 16.7, 41.2, 60.0, 77.7, 112.8, 120.5, 125.7, 126.6, 126.8,
127.6, 128.7, 130.7, 141.5.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min). 18.5 (S, minor stereoisomer),
21.1 (R, major stereoisomer).
OH
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(R)-3-(2-fluorophenoxy)-3-phenylpropan-1-ol (2.13) (Entry 1, Table
2.2)
Using the general procedure described above, a solution of tris (2-
fluorophenyl) borate (2c) (154.8 mg, 0.45 mmol) in THF (1.0 mL) was
added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in THF (0.5 mL).
The mixture was allowed to react for 30 minutes at rt. The mixture was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.13 (yield= 78%), as a
oil.
1H NMR (250 MHz, CDCl3) δ 2.04- 2.14 (m, 2H); 2.24- 2.30 (m, 1H);3.73- 3.98 (m, 2H);
5.35 (dd, 1H, J1=8.8 Hz, J2=4.3 Hz); 6,74- 6.86 (m, 3H); 6.98- 7.07 (m, 1H); 7.22- 7.39 (m,
5H).
13C NMR (62.5 MHz, CDCl3) δ 41.0, 60.0, 80.2, 116.0, 116.3, 117.2, 117.3, 121.5, 121.6,
124.1 (2 C); 125.9, 127.9, 128.7, 140.9, 151.2.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 19.4 (R, major stereoisomer),
22.3 (S, minor stereoisomer).
(R)-3-(2-chlorophenoxy)-3-phenylpropan-1-ol (2.14) (Entry 2, Table
2.2).
Using the general procedure described above, a solution of tris (2-
chlorophenyl) borate (2d) (176.4 mg, 0.45 mmol) in THF (1.0 mL) was
added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in THF (0.5 mL).
The mixture was allowed to react for 1 hour at rt. The mixture was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.14 (yield= 83%), as a
oil.
1H NMR (250 MHz, CDCl3) δ 2.08- 2.33 (m, 2H); 2.42 OH (br, s, 1H); 3.75- 3.91 (m, 2H);
5.41 (dd, 1H, J1=8.0 Hz, J2=4.3 Hz); 6.68 (d, 1H, J= 8.3 Hz); 6.76- 6.83 (m, 1H); 6.95- 7.02
(m, 1H); 7.22- 7.31 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 41.1, 59.8, 79.8, 115.2, 121.6, 125.7, 127.5, 127.9, 128.8,
130.1, 140.7, 153.1, 153.4.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 94/6, retention times (min): 26.3 (S, minor stereoisomer),
27.3 (R, major stereoisomer).
OH
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(R)-3-(2-bromophenoxy)-3-phenylpropan-1-ol (2.15) (Entry 3, Table
2.2).
Using the general procedure described above, a solution of tris (2-
bromophenyl) borate (2e) (237.1 mg, 0.45 mmol) in THF (1.0 mL) was
added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in THF (0.5 mL).
The mixture was allowed to react for 30 minutes at rt. The mixture was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.15 (yield= 58%), as a
oil.
1H NMR (250 MHz, CDCl3) δ 2.10- 2.42 (m, 2H); 3.73- 3.94 (m, 2H); 5.43 (dd, 1H, J1= 8.0
Hz, J2= 4.5 Hz); 6.66 (d, 1H, J= 7.9 Hz); 6.68- 6.80 (m, 1H); 6.91- 7.39 (m, 6H); 7.49 (dd,
1H, J1= 8.0 Hz, J2= 1.4 Hz).
13C NMR (62.5 MHz, CDCl3) δ 41.1, 59.8, 79.7, 114.9, 122.0, 125.7, 127.8, 128.1, 128.2,
128.8, 132.2, 140.6, 153.4.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 18.3 (S, minor stereoisomer),
21.3 (R, major stereoisomer).
(R)-2-(3-hydroxy-1-phenylpropoxy)phenol (2.16) (Entry 5, Table 2.2).
Using the general procedure described above, a solution of
benzo[d][1,3,2]dioxaborol-2-ol (2f) (61.2 mg, 0.45 mmol) in THF (1.0
mL) was added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2
mg, 0.3 mmol) in THF (0.5 mL). The mixture was allowed to react for 2 hours at rt. The
mixture was purified by column chromatography eluting with hexanes/AcOEt 7:3 to give
compound 2.16 (yield= 86%), as a solid (m.p= 92- 93°C).
1H NMR (250 MHz, CDCl3) δ 2.00- 2.11 (m, 1H); 2.22- 2.34 (m, 2H); 3.80- 3.89 (m 1H);
3.95- 4.03 (m, 1H); 5.19 (dd, 1H, J1=9.0 Hz, J2=3.8 Hz); 6.58- 6.61 (m, 2H); 6.78- 6.85 (m,
1H); 6.90 (d, 1H, J= 7.3 Hz); 7.03 OH (br, s, 1H); 7.25- 7.36 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 40.4, 60.2, 81.3, 115.4, 116.8, 119.8, 122.8, 126.1, 128.0,
128.7, 141.3, 145.4, 147.3.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 22.1 (S, minor stereoisomer),
28.0 (R, major stereoisomer).
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(R)-3-(4-methoxyphenoxy)-3-phenylpropan-1-ol (2.17) (Entry 1,
Table 3).
Using the general procedure described above, a solution of tris (p-
methoxyphenyl) borate (2g) (171.1 mg, 0.45 mmol) in THF (1.0 mL)
was added at –80°C to a solution of (R)-2-phenyl oxetane (2.8) (40.2
mg, 0.3 mmol) in THF (0.5 mL). The mixture was allowed to react for 2.0 hours at rt. The
mixture was purified by column chromatography eluting with hexanes/AcOEt 8:2 to give
compound 2.17 (yield= 52%), as an oil.
1H NMR (250 MHz, CDCl3) δ 2.00- 2.22 (m, 3H); 3.68 (s, 3H); 3.69- 3.81 (m, 2H); 5.25 (dd,
1H, J1=8.0 Hz, J2=5.0 Hz); 6.70 (d, 2H, J= 9.0 Hz); 6.76 (d, 2H, J= 9.0 Hz); 7.16- 7.35 (m,
5H).
13C NMR (62.5 MHz, CDCl3) δ 41.1, 55.6, 60.1, 79.3, 114.5, 117.1, 125.9, 127.6, 128.6,
141.6, 151.9, 153.9.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 19.5 (R, major stereoisomer),
22.3 (S, minor stereoisomer).
(R)-3-phenyl-3-(4-(trifluoromethyl)phenoxy)propan-1-ol (2.18)
(Entry 2, Table 2.3).
Using the general procedure described above, a solution of tris (p-
(trifluoromethyl)phenyl) borate (2h) (222.3 mg, 0.45 mmol) in THF
(1.0 mL) was added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in
THF (0.5 mL). The mixture was allowed to react for 1 hour at rt. The mixture was purified by
column chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.18 (yield=
81%), as an oil.
1H NMR (250 MHz, CDCl3) δ 1.77 OH (br, s, 1H); 2.00- 2.14 (m,1H); 2.20- 2.31 (m, 1H);
3.70- 3.92 (m 2H); 5.41 (dd, 1H, J1=8.5 Hz, J2=4.5 Hz); 6.90 (d, 2H, J= 8.5 Hz); 7.20- 7.35
(m, 5H); 7.41 (d, 2H, J= 8.5 Hz).
13C NMR (62.5 MHz, CDCl3) δ 41.1, 59.4, 77.8, 115.7, 125.7, 126.7 (2 C), 126.8, 126.9,
127.9, 128.8, 140.7.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 14.4 (R, major stereoisomer),
15.9 (S, minor stereoisomer).
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(R)-3-(4-nitrophenoxy)-3-phenylpropan-1-ol (2.19) (Entry 4, Table
2.3.
Using the general procedure described above, a solution of tris (p-
nitrophenyl) borate (2i) (191.3 mg, 0.45 mmol) in CH2Cl2 (1.0 mL)
was added at rt to a solution of (R)-2-phenyl oxetane (2.8) (40.2 mg, 0.3 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 1 hour at rt. The mixture was purified by
column chromatography eluting with hexanes/AcOEt 7:3 to give compound 2.19 (yield=
58%), as an oil.
 1H NMR (250 MHz, CDCl3) δ 1.99- 2.16 (m, 1H); 2.20- 2.34 (m 1H); 2.30- 2.60 OH (br,
1H); 3.68- 3.92 (m, 2H); 5.47 (dd, 1H, J1=8.0 Hz, J2=5.0 Hz); 6.88 (d, 2H, J= 9.0 Hz); 7.22-
7.34 (m, 5H); 8.02 (d, 2H, J= 9.0 Hz).
13C NMR (62.5 MHz, CDCl3) δ 41.0, 58.9, 78.1, 115.6, 115.8, 125.7, 128.2, 129.0, 140.1,
163.1.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 33.4 (R, major stereoisomer),
35.6 (S, minor stereoisomer).
(R)-3-(3,5-dimethoxyphenoxy)-3-phenylpropan-1-ol (2.21)
(Scheme 2.8).
Using the general procedure described above, a solution of tris
(3,5-dimethoxyphenyl) borate (2j) (220.5 mg, 0.45 mmol) in
CH2Cl2 (1.0 mL) was added at –78°C to a solution of (R)-2-phenyl
oxetane (2.8) (40.2 mg, 0.3 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for
2 hours at –78°C. The mixture was purified by column chromatography eluting with
hexanes/AcOEt 7:3 to give compound 2.21 (yield= 15.4%), as an oil. Rf=0.27 (hexanes/
AcOEt 7:3).
1H NMR (250 MHz, CDCl3) δ 2.00- 2.30 (m, 3H); 3.64 (s, 6H); 3.70- 3.94 (m, 2H); 5.31 (dd,
1H, J1= 8.5 Hz, J2= 4.5 Hz); 5.97- 6.05 (m, 3H); 7.15- 7.36 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 41.1, 55.2 (2C), 59.8, 78.1, 93.2, 94.8, 125.7, 127.6, 128.7,
141.4, 159.7, 161.3.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 24.5 (S, minor stereoisomer),
26.7 (R, major stereoisomer).
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The second eluting fractions of the above described column
chromatography afforded pure (R)-2-(3-hydroxy-1-phenylpropyl)-3,5-
dimethoxyphenol (2.20) (Scheme 2.8), as a solid (yield= 49.3%).
Rf=0.18 (hexanes/ AcOEt 7:3).
1H NMR (250 MHz, CDCl3) δ 2.28- 2.48 (m, 3H); 3.41- 3.52 (m, 1H);
3.59 (s, 3H); 3.60- 3.75 (m, 4H); 4.71 (dd, 1H, J1= 11.0 Hz, J2= 5.0 Hz); 6.95- 7.10 (m, 2H);
7.08- 7.38 (m, 6H).
13C NMR (62.5 MHz, CDCl3) δ 34.7, 55.2, 55.6, 61.3, 92.2, 94.3, 110.9, 125.8, 127.5, 128.1,
144.2, 155.9, 159.4, 159.7.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 51.7 (R, major stereoisomer),
55.2 (S, minor stereoisomer).
(S)-3-(2-bromophenoxy)-3-(3-chlorophenyl)propan-1-ol (2.25)
(Entry 2, Table 2.4).
Using the general procedure described above, a solution of tris (2-
bromophenyl) borate (2e) (237.1 mg, 0.45 mmol) in THF (1.0 mL)
was added at rt to a solution of (S)-2-(3-chlorophenyl)oxetane (2.22) (50.5 mg, 0.3 mmol) in
THF (0.5 mL). The mixture was allowed to react for 1.5 hours at rt. The mixture was purified
by column chromatography eluting with hexanes/AcOEt 8:2 to give compound 2.25 (yield=
50%), as a oil.
1H NMR (250 MHz, CDCl3) δ  2.08- 2.38 (m, 3H); 3.70- 3.95 (m, 2H); 5.38 (dd, 1H, J1= 8.3,
Hz, J2= 4.3 Hz); 6.63 (dd, 1H, J1= 8.5 Hz, J2= 1.0 Hz); 6.73- 6.80 (m, 1H); 7.02- 7.10 (m,
1H); 7.18- 7.38 (m, 4H); 7.51 (dd, 1H, J1= 7.8 Hz, J2= 1.5 Hz).
13C NMR (62.5 MHz, CDCl3) δ 41.0, 59.5, 78.8, 114.8, 122.3, 123.9, 125.9, 128.1, 128.3,
130.2, 133.4, 143.0, 153.4.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 21.6 (S, major stereoisomer),
37.5 (R, minor stereoisomer).
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(S)-3-(2-bromophenoxy)-3-p-tolylpropan-1-ol (2.26) (Entry 3, Table
2.4).
Using the general procedure described above, a solution of tris (2-
bromophenyl) borate (2e) (237.1 mg, 0.45 mmol) in THF (1.0 mL) was
added at rt to a solution of (S)-2-p-tolyloxetane (2.24) (44.4 mg, 0.3 mmol) in THF (0.5 mL).
The mixture was allowed to react for 20 minutes at rt. The mixture (containing 6% of C-
alkylated product) was purified by column chromatography eluting with hexanes/AcOEt 8:2
to give compound 2.26 (yield= 84%), as a oil.
1H NMR (250 MHz, CDCl3) δ  2.08- 2.35 (m, 5H); 2.42- 2.58 (br, 1H); 3.78- 3.99 (m, 2H);
5.40 (dd, 1H, J1= 8.2, Hz, J2= 4.4 Hz); 6.65- 6.77 (m, 2H); 6.95- 7.30 (m, 5H); 7.49 (d, 1H, J=
7.8 Hz).
13C NMR (62.5 MHz, CDCl3) δ 21.2, 41.1, 59.9, 79.7, 114.9, 121.9, 125.7, 128.2, 129.1,
129.5, 133.2, 137.6, 154.0.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 22.1 (S, major stereoisomer),
31.4 (R, minor stereoisomer).
3-(2-bromophenoxy)-1,3-diphenylpropan-1-ol (2.32a,b) (Scheme
2.15)
Using the general procedure described above, a solution of tris (2-
bromophenyl) borate (2e) (237.1 mg, 0.45 mmol) in THF (1.0 mL)
was added at rt to a solution of (2S,4R)-2,4-diphenyloxetane 2.29a (63 mg, 0.3 mmol). The
solution was allowed to react for 4 hours at rt. The mixture was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give an inseparable mixture of
compounds 2.32a,b (yield= 53%), as a semisolid. Syn/Anti ratio= 65:35.
Representative signals for syn-diastereoisomer: 1H NMR (250 MHz, CDCl3) δ  5.48 CH-OAr
(dd, 1H, J1= 9.0 Hz, J2= 3.3 Hz); 5.18 CH-OH (dd, 1H, J1= 9.5 Hz, J2= 2.5 Hz).
Representative signals for anti-diastereoisomer: 1H NMR (250 MHz, CDCl3) δ 5.31 CH-OAr
(dd, 1H, J1= 9.5 Hz, J2= 4.5 Hz); 4.99 CH-OH (dd, 1H, J1= 9.5 Hz, J2= 5.5 Hz).
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Demonstration of the syn-stereoselectivity of the ring-opening of 2-aryl oxetanes with
aromatic borates.
(R)-3-Phenyl-3-(2-methylphenoxy)propylmethane-sulfonate (2.12)
(Scheme 2.6).
To a  stirred  solution of (R)-3-phenyl-3-(o-tolyloxy)propan-1-ol (2.11)
(60.0 mg, 0.243 mmol) in pyridine (2.0 mL) was added MsCl (55.22
mg, o.486 mmol) at room 0°C. The reactionn mixture was then allowed to react for 8 hours at
room temperature. The mixture was then diluted Et2O (20 mL),washed with 20% H2SO4,
saturated  aqueous NaHC03, brine and dried over magnesium sulfate. Evaporation of organic
solution afforded pure compound 2.21 (yield= 84%),11 as a oil.
1H NMR (250 MHz, CDCl3) δ  2.30- 2.42 (m, 5H); 2.91 (s, 3H); 4.33- 4.42 (m, 1H); 4.48-
4.57 (m, 1H); 5.32 (dd, 1H, J1 = 8.5 Hz, J2 = 4.5 Hz); 6.58  (d, 1H, J= 8.0 Hz),  6.75 (t, 1H,
J=7.3); 6.90- 6.99 (m, 1H); 7.07 (d, 1H, J = 7.3 Hz); 7.25-7.35 (m, 5 H).
13C NMR (62.5 MHz, CDCl3) δ 16.5, 37.0, 38.10, 68.9, 75.2, 112.7, 120.6, 125.8, 126.7,
126.9, 128.00, 128.9, 130.8, 140.7, 155.5.
(R)-Tomoxetine Hydrochloride (Scheme 2.6).
Following a previously described procedure,11 A solution of  (R)-
3-  phenyl-3-(2-methylphenoxy)-propyl methanesulfonate (5b) (63
mg, 0.2 mmol) and methylamine (1.43 mL, 40% in water) in THF
(1.43 mL) was heated at 65 'C  for 3 h. After cooling, the solution was diluted with ether,
washed with saturated aqueous sodium bicarbonate and brine, and dried with anhydrous
potassium carbonate. After concentration, a pale yellow oil was obtained. The oil was
dissolved in ethereal hydrogen chloride until (R)-Tamoxetine precipitates as a with solid.
1H NMR (CDCl3) δ 2.30 (s, 3H); 2.42- 2.55 (m, 2H); 2.55- 2.65 (br, s, 3H); 3.10- 3.20 (br,
s, 2H); 5.36 (dd, 1H, J1 = 7.7 Hz, J2 = 4.7 Hz); 6.58  (d, 1H, J= 8.0 Hz),  6.75 (t, 1H, J=7.3);
6.90- 6.99 (m, 1H); 7.07 (d, 1H, J = 7.3 Hz); 7.25-7.35 (m, 5 H), 9.6- 9.8 (br, s, 2H).
[α]20D= -32.3 (c 1.01, MeOH, ee= 60%).
The absolute configuration (R) was assigned after comparison of the sign of the optical
rotatory power with the value reported in the literature (Lit. [α]20D = -40.3, c 1.02, MeOH, ee=
98%).11
OMs
O
NHMe.HCl
O
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Ring opening of oxetane 2.8 using external Lewis acid.
Sc(OTf)3-catalyzed ring-opening of oxetane 2.8 with 2-chlorophenol (Scheme 2.7)
To a stirred solution of oxetane 2.8 (40.3 mg, 0.3 mmol) and 2-chlorophenol (173.4 mg, 1.35
mmol) in THF (1.5 mL) was added a catalytic amount of Sc(OTf)3 (14.76 mg, 0.03 mmol).
The reaction was allowed to react at room temperature for 20 minutes. The reaction mixture
was diluted with Et2O (10 mL) and washed with brine. Purification by column
chromatography afforded pure 2.14 (80% yield, 16 % ee), as an oil. For 1H NMR and 13C
NMR data see reaction of oxetane 2.8 with borate 2d (Entry 2, Table 2.2).
2-chloro-4-(3-hydroxy-1-phenylpropyl)phenol (2.28) (Scheme 2.12).
To a stirred solution of oxetane 2.8 (40.3 mg, 0.3 mmol) and 2-
chlorophenol (173.4 mg, 1.35 mmol) in CH2Cl2 (1.5 mL) was added at
–78°C BF3.Et2O (0.057 mL, 0.3 mmol). The mixture was allowed to react
for 3 hous at –78°C. The crude reaction mixture was purified by column
chromatography eluting with hexanes/AcOEt 7:3 to give pure compound 2.28 (yield= 75%),
as a semisolid.
1H NMR (CDCl3) δ 2.08 (br, s, 1H); 2.16- 2.30 (m, 2H); 3.56 (t, 2H, J= 6.3 Hz); 4.00 (t, 1H,
J= 7.8 Hz); 6.86 (d, 1H, J= 8.5 Hz); 7.01 (d, 1H, J= 8.5 Hz); 7.15- 7.31 (m, 6H).
13C NMR (62.5 MHz, CDCl3) δ 38.0, 46.2, 60.8, 116.4, 119.9, 126.5, 127.7, 128.3, 128.6,
127.7, 140.0, 149.9.
Representative signal for compound 2.27 (Scheme 2.12): 1H NMR (CDCl3) δ 4.60 (t, 1H, J=
7.5 Hz).
Synthesis of 2-phenyl-1,5-benzodioxepine 2.33.
Procedure A: To a stirred solution of alcohols (0.5 mmol) in anhydrous THF (2.0 mL) were
added at rt triphenylphosphine (262.3 mg, 1.0 mmol) and diethylazodicarboxylate (130.5 mg,
0.75 mmol) under argon. The reaction was followed by TLC up to complete consumption of
the starting hydroxyphenol and the solvent was evacuated under a vacuum. The crude
reaction mixture was purified by silica gel column chromatography to give the pure
compounds.
Procedure B:18 An oven dried sealable Schlenk tube was charged with Pd(OAc)2 (2.0 mol%),
ligand L1 (2.5 mol%) and Cs2CO3 (1.5 equiv). The Schlenk tube was evacuated and
OH
OH
Cl
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backfilled with argon and fitted with a rubber septum. Compound 2.16 (0.75 mmol) and 1.5
mL of toluene were added via syringe. The Schlenk tube was then sealed under argon and
placed on preheated oil bath untill the compound 2.16 had been totally consumed. The
reaction mixture was cooled to room temperature, diluted with pentane, and filtered through a
pad of celite. The resulting solution was purified by flash chromatography on silica gel.
(R)-2-phenyl-1,5-benzodioxepine (2.33) (Scheme 2.16). 
 Using the procedure A described above, to a stirred solution of phenols
of (R)-2-(3-hydroxy-1-phenylpropoxy)phenol 2.16 (29 mg, 0.12 mmol)
in anhydrous THF (0.5 mL) were added at rt triphenylphosphine (62.9
mg, 0.24 mmol) and diethylazodicarboxylate (31.3 mg, 0.18 mmol) under argon. The mixture
was allowed to react for 18 hours at rt. Column chromatography eluting with hexanes/AcOEt
7:3 afforded pure 2.33 (yield= 72%), as a colorless liquid.
1H NMR (250 MHz, CDCl3) δ 2.31- 2.45 (m, 2H); 3.94- 4.19 (m, 1H); 4.33- 4.56 (m, 1H);
4.94- 5.13 (m, 1H); 6.75- 7.08 (m, 4H); 7.14- 7.50 (m, 5H).
 13C NMR (62.5 MHz, CDCl3) δ 39.1, 69.8, 82.3, 121.3, 122.0, 123.3, 125.8, 127.8, 128.5,
141.6, 151.4, 153.2.
O
O
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Chapter 3
Intermolecular Friedel-Crafts alkylation of phenolic substrates with aryl and
vinyl epoxides
3.1 Introduction
3.1.1 Friedel-Crafts alkylation.
The Friedel-Crafts (F-C) reaction is on of the oldest organic transformation to employ
Lewis acids as promoters, and since the pioneering study by Charles Friedel and James M.
Crafts1 it has been one of the most powerful C-C bond-forming processes in organic
synthesis. The original procedure, for which a stoichiometric amounts of a Lewis acid was
required, has subsequently been replaced by milder and more environmentally friendly
conditions.2 The ever-increasing number of procedures reported in the literature over the past
decade for the catalytic alkylation and acylation of aromatic and heteroaromatic compounds is
striking (Figure 1).3
Figure 3.1 The increasing number of Friedel-Crafts procedures published from 2000 to date.
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The abundance of studies on Friedel-Crafts reaction is due to the large variety of electrophilic
partner,  such as alcohols, alkyl halides, epoxides, carbonyl and α,β-unsaturated compounds,
which can be used in this transformation (Figure 3.2).4 It also should be noted that this
reaction allows the formation of benzylic stereocenters, a valuable structural motifs in modern
organic synthesis.
Figure 3.2 Possible approaches in the Friedel-Crafts reaction of aromatic compounds.
Notwithstanding the Friedel-Crafts reaction is one of the oldest and most intensively studied
reaction, the use of epoxides as the electrophilic partner have occasionally been reported. In
order to describe the reactions of epoxides with aromatic compounds, it can be observed that
these kind of Friedel-Crafts transformations can be divided in two main classes, such as
intramolecular and intermolecular processes.
  3.1.2 Intramolecular alkylation of aromatic systems with epoxides.
With regard to the intramolecular Friedel-Crafts alkylation of aromatics with epoxides
(epoxy-arene cyclization), Taylor and co-workers reported the Lewis acid-catalyzed
cyclialkylation of epoxides 3.1a–3.1i (Scheme 3.1).5
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Scheme 3.1
Using Lewis acid such as TFA, BF3 and SnCl4, the authors effected a detailed study of the
reactivity and the regioselectivity of this reaction. It should be noted that attempts to obtain
the ring-closure reaction using epoxides 3.1a-d proved not to be effective, thus demonstrating
the impossibility to obtain a 5-membered-ring cyclialkylation (5-MRC) in these reaction
conditions. While the cyclization of compound 3.1e could not be obtained in, the formation of
six membered ring (6-MRC) has been achieved using oxiranic systems having a secondary
reactive site, such as 3.1f (R1= Me) and 3.1g, or by the use of a substrate bearing an electron-
donating group on the aromatic ring of the starting epoxide, able to increase the
nucleophilicity of the aryl moiety, such as 3.1h (R= OMe) (Scheme 3.2). Interestingly, the
intramolecular alkylation of substrate 3.1h afforded a mixture of o-, p-alkylation products of
type 3.2a and 3.2b, in a 29:71 ratio, respectively.
O O O
O
MeO
MeO
O
O O
MeO
O
O
3.1a 3.1b 3.1c
3.1f3.1e3.1d
3.1g 3.1h 3.1i
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Scheme 3.2 Lewis acid-promoted intramolecular alkylation of epoxides 3.1e-h.
It is also worth mentioning that 1,2-epoxy-6-phenylhexane (3.1i) underwent the
intramolecular attack of the nucleophilic arene to give a mixture of compound 3.4 and 3.5, in
a 77:23 ratio, respectively (Scheme 3.3).
Scheme 3.3 Lewis acid-promoted intramolecular alkylation of 1,2-epoxy-6-phenylhexane
(3.1i).
More recently, the same research group reported also epoxy-arene type cyclizations of
optically active epoxides.6 The use of epoxide 3.6 in the presence of MeAlCl2 allowed the
obtainment of compound 3.7 deriving from the intramolecular anti-attack of the nucleophilic
arene at the more substituted position of the oxiranic system (Scheme 3.4). It also should be
noted that the choice of MeAlCl2 was fundamental for the obtainment of compound 3.7 with a
satisfactory yield and stereoselectivity, since the use of other Lewis acid promoters, such as
SnCl4, gave the formation of a consistent amount of the rearrangement product 3.8 (Scheme
3.4).
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Scheme 3.4 Intramolecular alkylation of epoxide 3.6.
Next to these efforts, the use of intramolecular epoxy-arene alkylation has been
employed also for the total synthesis of interesting alkaloids such as (+)-lycoricidine.7  This
compound was succesfully prepared using the SnCl4-catalyzed intramolecular alkylation
displayed in the Scheme 3.5, in which the ring-opening of optically active epoxide 3.9
occurred to give the corresponding ring-closed adduct 3.10 with a very good yield and with a
net inversion of configuration at the cleaved center.
Scheme 3.5 Synthesis of (+)-Lycoricidine via intramolecular epoxy-arene alkylation.
In the complementary field of epoxy-ene transformation, in which an intermolecular
Friedel-Crafts alkylation of a double bond functionality with a oxiranic system occurs, Corey
and co-workers reported the total synthesis of (+)-α-onocerin by a double bis-annulation
(Scheme 3.6).8 In particular, the reaction of optically active compounds 3.11 in the presence
of stoichiometric amounts of MeAlCl2 in CH2Cl2, followed by treatment with TBAF to cleave
any TMS ether which was present, allowed the formation of (+)-α-onocerin with a good yield
(63% after chromatographic purification).
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Scheme 3.6 Synthesis of (+)-α-onocerin by a double bis-annulation.
3.1.3 Intermolecular alkylation of aromatic systems with epoxides.
In the field of intermolecular Friedel-Crafts type alkylation, Milstein reported the ring
opening of propylene oxide with benzene in the presence of stoichiometric amount of AlCl3
(Scheme 3.7).9 In this way, the reaction afforded the expected 2-phenyl-1-propanol 3.12, the
Markovnikov type product, with good isolated yield (64%), while a very low amount (<5%)
of the corresponding regioisomer 3.13 was obtained.
Scheme 3.7 Aluminium trichloride-induced ring-opening of propylene oxide with benzene.
Although the use of Lewis acids in the ring-opening of epoxides with aromatics
promotes the alkylation at the more substituted position of the oxiranic system with a good
selectivity (Scheme 3.7), it should be noted that the use of non-symmetrical arenes usually
brings to the obtainment of mixtures of regioisomers. In particular, Ichikawa and co-workers
reported that the AlCl3-induced ring-opening reaction of propylene oxide with toluene
afforded all possible mono-alkylated regioisomers in an almost equimolar ratio (Scheme
3.8).10
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Scheme 3.8 Aluminium trichloride-induced ring-opening of propylene oxide with toluene.
Given that the acidic-promoted ring-opening reaction of epoxides is under electronic
control, the use of terminal oxiranic systems bearing an electron-withdrawing group allows
the obtainment of ring-opened adducts in which the alkylation occurs at the less substituted,
electrophilic position with very high regioselectivity. Very recently, Olah and co-workers
reported that the ring opening reaction of 2-(trifluoromethyl)oxirane with toluene in the
presence of catalytic amounts of trifluoromethanesulfonic acid afforded the corresponding
ring-opened adducts of type 3.14 with a complete regioselectivity at the less substituted
position (Scheme 3.9). However, it should be noted that arene was alkylated at all possible
position11
Scheme 3.9 Acid-catalyzed ring-opening of 2-(trifluoromethyl)oxirane with toluene.
With regard to the ring opening of aryl epoxides, Taylor and co-workers reported the
ring opening of styrene oxide with toluene in the presence of SnCl4 to give a mixture of
regioisomers 3.15 and 3.16 and phenylacetaldehyde (3.17), the corresponding rearrangement
product, in a 2:1:2 ratio, respectively (Scheme 3.10).12
Scheme 3.10. SnCl4-catalyzed ring-opening of styrene oxide with toluene.
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Clearly, the choice of the aromatic nucleophile played a significat role with regard to the
products distribution. While the use of more nucleophilic anisole allowed the exclusive
obtainment of regioisomers of type 3.15  and 3.16 with a yield of 80%, the reaction carried
out using the poorly nucleophilic chlorobenzene proved not to be efficient, since the
formation of ring opening products were not observed.
As comes out looking at the reports described so far, the main drawback encountered in
the intermolecular Friedel-Crafts alkylation of aromatic systems with epoxides is the frequent
absence of regioselectivity at the aromatic counterpart. On the other hand, indoles are able to
react with epoxides to give the corresponding ring-opened adducts with a high
regioselectivity. In this field, Kotsuki and co-workers reported the regio- and stereoselective
alkylation of indole with (R)-(+)-styrene oxide promoted by high pressure or catalyzed by
silica gel (Scheme 3.11).13
Scheme 3.11. High-pressure and silica-gel-catalyzed stereoselective ring-opening of
optically active styrene oxide with indole.
Although both approaches guaranteed satisfactory yields of the ring-opened product, partial
racemization of the enantiomerically pure starting epoxide was observed (high pressure: 92%
ee, SiO2: 88% ee).
A significant advance towards the ring-opening of epoxides with indoles was reported
by Cozzi and co-workers.14 The use of InBr3 as catalyst allowed the ring-opening reaction of
different substituted optically active styrene oxides with indoles to give the corresponding
ring-opened adducts of type 3.18 with fair to good yields, complete regioselectivity at C3
position of indoles and a high anti-stereoselectivity (Scheme 3.12).
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Scheme 3.12. Regio- and stereoselective ring-opening of optically active epoxides catalyzed
by InBr3.
It is worth mentioning that the same research group has recently developed a catalytic
asymmetric ring-opening of racemic aromatic oxiranes with indoles through a carbon-carbon
bond-forming reaction.15 In particular, the use of catalytic amounts of the commercially
available [Cr(salen)Cl] complex allowed the ring opening of meso-stilbene oxide with a
variety of substituted indoles to give the desired β-indolyl alcohols of type 3.19 with excellent
yields and very high enantiomeric excesses (Scheme 3.13).
Scheme 3.12. Enantioselective desymmetrization of meso-stilbene oxide catalyzed by
[Cr(salen)Cl] complex.
The last topic of this introduction concerns the Friedel-crafts alkylation of aromatics
with vinyl epoxides. In this field, Taylor reported the ring-opening of butadiene monoepoxide
with toluene in the presence of Lewis acid such as AlCl3 and SnCl4.12 Also in this case the
reaction proved not to be syntetically efficient, since a mixture of regioisomers 3.20-3.21 and
the double alkylation product 3.22 was obtained (Scheme 3.13).
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Scheme 3.13. Lewis-acid-catalyzed ring-opening of butadiene monoepoxide with toluene.
Next to this study, Brandänge and co-workers described the ring-opening of phenylsulfonyl-
substituted 1,3-cyclohexadiene monoepoxide with a number of aromatic nucleophiles in the
presence of stoichiometric amounts of BF3.Et2O.16 In these conditions, the reaction proceeded
by a SN2I mechanism, giving the desired product of type 3.23 with a complete 1,4-
regioselectivity, albeit accompanied by a modest stereoselectivity (Scheme 3.14).
Scheme 3.14 BF3.Et2O-induced ring-opening of phenylsulfonyl-substituted vinyl epoxides
with toluene.
To sum up, it can be observed that the Friedel-Crafts type alkylations described in this
introductory section show some common characteristics:
1) the ring-opening of the oxiranic ring proceeds always with a net inversion of
configuration at the cleaved center.
2) The presence of an acidic, external catalyst or promoter is required.
3) Only by the use of heteroaromatic systems such as indoles is possible to obtain
high levels of regioselectivity.
Moreover, it is worth mentioning that the alkylation of phenols with epoxides has not been
reported before.
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3.2 Results and discussion.
3.2.1 Ring-opening of aryl and vinyl epoxides with electron-rich borates.
During our investigation in the ring opening of aryl-epoxides with aromatic borates
(see chapter 1, section 1.2.1), we observed that the reactions of trans-stilbene oxide and trans-
methyl-3-(2-methylphenyl)-2,3-epoxy-propanoate with triphenylborate 3a afforded a mixtures
of O-alkylated and C-alkylated products, as displayed in Scheme 3.15.17
Scheme 3.15. Reactions of β-substituted aryl epoxides with triphenyl borate (3a).
Focusing our attention on the C-alkylated products 3.25 and 3.27, it should be noted that the
new carbon-carbon bond was formed with complete regioselectivity at the benzylic position
of oxiranic ring and at the ortho position of the phenol. Because hydroxyphenols 3.25 and
3.27 are otherwise very difficult to obtain, the stereoselectivity of these ring-opening
reactions could not be demonstrated after simple comparison (syn vs anti) between these ring-
opened products with the corresponding hydroxyphenols obtained using known,
stereoselective procedure as stated for the ring-opening of epoxides with O-nucleophiles (see
sections 1.2.1). However, we envisioned that these C-alkylated products could be used for the
obtainment, by a cyclodehydration, of 2,3-diydrobenzofurans, a particular class of
heterocyclic compounds. In particular, we found that by the use of the Mitsunobu reaction,
which generally occurs with inversion of configuration, it was possible to obtain the desired
COOMeO 3a, 1.2 equiv.
CH2Cl2, rt
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OH
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OH
OH
+
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cyclic compounds 3.28 and 3.29 with a good yield and in a stereoselective fashion. (Scheme
3.16).
Scheme 3.16. Synthesis of 2,3-dihydrobenzofurans by Mitsunobu reaction.
Given that diastereoisomeric 2,3-disubstituited 2,3-dihydrobenzofurans can be distinguished
by examination of the coupling costants of the corresponding benzylic proton (JH1-H2= 8.0-
10.5 Hz in cis-systems, JH1-H2= 4.0- 6.5 Hz in trans-systems), the high value of the coupling
costants observed for compounds 3.28 and 3.29 (J= 8.9 Hz and 10.2 Hz, respectively) could
be reasonable ascribed to the formation of cis-cyclic systems. Based on these considerations,
the syn-stereoselectivity of our Friedel-Crafts-type ring-opening reaction can be easily
deduced considering the geometry of starting trans-epoxides (Scheme 3.15) and the SN2-type
mechanism with inversion of configuration of the Mitsunobu reaction.
The high regio- and syn-stereoselectivity observed for C-alkylated products 3.25 and
3.27, as well for the O-alkylated products 3.24 and 3.26 (Scheme 3.15) can be explained
considering a first coordination of boron to the oxygen of the oxiranic systems to give the
formation of the advanced carbocation specie A as described in the Figure 3.3. At this point,
the reaction can take two ways: a patway B with the formation of the O-alkylated product, or
a pathway C and the subsequent obtainement of the C-alkylated product. However the boron,
after its coordination to the heteroatom, permits internal delivery of the nucleophile with
retention of configuration and the obtainment of the corresponding ring-opened products with
a high syn-stereoselectivity.
R
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PPh3, DEAD
THF, rt O
R
R= Ph, 3.28
R= COOMe, 3.29
Yield up to 75%
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Figure 3.3. Competition between plausible transition state of the syn-stereoselective
pathways
Based on these mechanistic hypothesis, we envisioned that the use of borates made
with phenols bearing an electron-donating group, able to increase the electron-density and, in
this way, the nucleophilicity of the aromatic ring of the phenol, could allow the obtainment of
an increased amount of the C-alkylation product into the reaction mixture. To this end, we
synthetized a number of electron-rich borates,18 which were then tested in the ring-opening
reaction of styrene oxide (Table 3.1)
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Table 3.1. Reaction of substituted arylborates 3a-f with styrene oxide.a
Entry R Conditions C-Alk-O-Alkb Products (Isolated yields %)
1 H (3a) 3h, rt <5/ >95 3.31a/ 3.30a (nd/ 81%)
2 o-Me (3b) 2h, rt 20/ 80 3.31b/ 3.30b (10/ 45)
3 o-t-Bu (3c) 6h, rt 48/ 52 3.31c/ 3.30c (35/ 24)
4 p-OMe (3d) 1h, rt 31/ 69 3.31d/ 3.30d (18/ 40)
5 m-OMe (3e) 12h, -78°C 92/ 8c 3.31e+3.31e’/3.30e (35+11/ 4)
6 p-Me (3f) 4h, rt 45/ 55
7 p-Me (3f) 12h, -78°C 58/ 42 3.31f/ 3.30f (48/ 32)
a All reactions were carried out in accordance with the general procedure (see experimental section for
details). b Determined by 1H NMR examination of the crude reaction mixture. c Determined by HPLC.
Two C-alkylated products were obtained in a 3:1 ratio.
While the reaction performed in the presence of triphenyl borate (3a) afforded exclusively the
O-alkylation product 3.30a with a good yield (entry 1), the use of borate 3b gave a modest but
significant increase in the Friedel-Crafts type product 3.31b, which was obtained as a single
constitutional isomer at the ortho position with respect to the phenolic oxygen (entry 2). The
electron-donating m-OMe substituent of borate 3e was able to activate both the ortho-position
of the phenolic moiety by a mesomeric effect, thus favoring the formation of a substantial
amount of the corresponding C-alkylated products 3.31e and 3.31e’, as a c.a 3:1 mixture of
regioisomers (entry 5). On the other hand, the p-OMe substituted borate 3d, in which the
substituent hampers the alkylation in the ortho-position of the phenol by its electron-
withdrawing effect, afforded a crude reaction mixture with a predominant formation of the O-
alkylated product (entry 4). Interestingly, also the reaction temperature seems to play an
important role with regard to the products distribution. In fact, the ring-opening reaction of
styrene oxide with borate 3f at –78°C afforded a slightly increase in the C-alkylated product
with respect to the same reaction carried out at room temperature (from 45% at rt to 58% at
–78°C, see entries 6 and 7). It also should be noted that the use more hindered tris-(o-t-
butylphenyl) borate (3c) gave an almost equimolar mixture of products 3.31c and 3.30c
deriving from the C- and O-alkylation pathways, respectively (entry 3). As the nucleophilicity
of the oxygen is most probably reduced by the presence of the t-butyl substituent, we
envisioned that the use of more sterically hindered phenol could give the obtainment of an
increased amount of the Friedel-Crafts type product. To this end, we synthetized o-TIPS
O
3a-3f, (1.5 equiv).
CH2Cl2
O
OH
R
+
OH
OH
R
3.30a-f 3.31a-f
O
B
R 3
R=EDG
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borate 3g, following the synthetic route displayed in the Scheme 3.16, which foresaw a first
protection of the phenolic hydroxyl by the use of diethylcarbamoyl chloride. The subsequent
o-metalation of the resulting carbamate using sec-butyllithium in the presence of tetramethyl
ethylendiamine (TMEDA) was followed by substitution with chloro triisopropylsilane to give
the corresponding protected phenol 3.32.19 This compound was then deprotected by the use
LiAlH4 to give the phenol 3.33 (overall yield= 30%), which was used for the synthesis of the
desired borate 3g (for details, see experimental section).
Scheme 3.17. Synthesis of borate 3g.
Consistently with our expectations, the use of borate of borate 3g in the ring-opening reaction
of styrene oxide gave the obtainment of the C- and O-alkylated products 3.31g and 3.30g in
ratio 70:30, respectively (Scheme 3.18). However, it is worth mentioning that the main
reaction product was phenylacetaldehyde, derived from the rearrangement reaction of styrene
oxide catalyzed by the borate.
Scheme 3.18. Ring-opening of styrene oxide with borate 3g.
OH O
O
N O
O
N
TIPS
LiAlH4
OH
TIPSBH3-Me2SB O
3
3g
TIPS
O
NCl
3.33
3.32
Overall yield= 30%
1)sec-BuLi,
TMEDA, THF
2)TIPS-Cl
O
3g, (1.5 equiv.)
CH2Cl2
O
OH OH
+
TIPS
OH
TIPS
3.30g 3.31g
12%
+ CHO
Main Product
28% 60%
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In order to examine the stereoselective outcome of the reaction of styrene oxide with
aromatic borates, we next carried out the ring-opening of commercially available (R)-styrene
oxide with electron-rich tris-(3,5-dimethylphenyl) borate 3h and tris-(3,5-dimethoxyphenyl)
borate 3i. In this case, the reactions were carried out at low temperature (-78°C), in CH2Cl2
giving the formation of the corresponding hydroxyphenols 3.31h and 3.31i with good yields
and complete regioselectivity (Scheme 3.19).
Scheme 3.19. Ring-opening of optically active styrene oxide with borates 3h and 3i.
Given the nature of the ring-opened products 3.31h and 3.31i, the demonstration of the
stereoselectivity of this Friedel-Crafts type alkylation was not possible by 1H NMR analysis
of the corresponding 2,3-dihydrobenzofurans, as stated for the ring-opening of β-substituted
trans-epoxides with triphenylborate 3a (Scheme 3.16). On the other hand, it should be noted
that O-alkylated product 3.30h was obtained with a fair syn-stereoselectivity (e.r= 70:30), as
confirmed by comparison of HPLC chromatograms on CSP of this compound with the
aryloxy alcohol obtained after the reaction of optically active styrene oxide with the
corresponding phenoxide at reflux. Based on this result and considering the high syn-
stereoselectivity of the C-alkylation process observed for the ring-opening of trans-epoxides
with triphenyl borate 3a (Scheme 3.15), it can be reasonably assumed that also for styrene
oxide this Friedel-Crafts type alkylation occurs with a prevalent retention of configuration at
the cleaved center.
At this point, it should be noted the different behaviour of 2-phenyl oxetane and styrene
oxide in the reaction with electron-rich aromatic borates (see chapter 2, section 2.2). In
particular, the ring-opening of 2-phenyl oxetane with tris-(3,5-dimethoxyphenyl)borate 3i
O
3h (1.5 equiv.)
CH2Cl2, -78°C
3i (1.5 equiv.)
CH2Cl2, -78°C
OH
OH
OH
OHMeO
OMe
3.31h
3.31i
Yield= 75%
er= 92/ 8
Yield= 77%
er= 92/ 8
(R)-styrene oxide
OH
O
3.30h Yield= 7%
er= 70/ 30
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afforded a reaction mixture in which a consistent amount of the O-alkylated product 2.20 was
present (Scheme 3.20). Moreover, the expected Friedel-Crafts type compound 2.21 was
obtained with a high regioselectivity but  with a poor syn-stereoselectivity, in sharp contrast
with the data in our hands concerning the ring-opening of optically active styrene oxide (see
Scheme 3.19)
Scheme 3.20 Ring-opening of 2-phenyl oxetane with tris(3,5-dimethoxyphenyl)borate 3i.
The high chemo- and syn-stereoselectivity observed in the ring-opening of oxiranic system
can be reasonably demonstrated considering the formation of a seven-membered transition
state A in which the new benzylic carbon-carbon bond is preferentially formed from the same
side of the oxygen atom as the former epoxide ring (Figure 3.4). On the other hand, the
obtainment of compound 2.20 in an almost racemic form (56/44 er, see scheme 3.20)  seems
to indicate that the deliver of the phenol moiety from the same side of the oxygen atom of the
former oxetane is less probable. Based on this consideration, it might be assumed that, in this
case, the cleavage of the C-O bond is not followed by the fast formation of a eight-membered
transition state (figure 2.1, C), but by the free rotation of the system where the attack of the
internal nucleophile might occurr successively (Figure 2.2, patway B). The consequent
intramolecular attack of the electron-rich arene affords the corresponding C-alkylated product
2.20 in racemic form. A confirmation of this working hypothesis might be found in the high
regioselectivity at the ortho-position of the phenol moiety of this alkylation. Infact, the
absence of ring-opening adducts deriving from the attack of para-position seems to indicate
that for the C-alkylation pathway an intermolecular attack of the nucleophile, able to explain
the high racemization degree of this ring-opening reaction, is improbable notwithstanding the
formation of a discrete carbocationic specie.
O
CH2Cl2, -78°C
OH OH
O
+
MeO OH
OMe MeO
OMe
3i, (1.5 equiv.)
C-Alk/O-Alk ratio:            65.0                                 35.0
                 
Yield (%):                        49.3                                 15.4                         
          
Syn/Anti:                        56/44                                93/7
2.20 2.21
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Figure 3.4 Plausible mechanism for the observed stereoselectivity in the C-alkylation of
styrene oxide and 2-phenyl oxetane with aromatic borates.
However, it is worth mentioning that, even if the mechanism displayed in the Figure 3.4
would be able to explain the stereoselective outcome of our ring-opening reaction, the
formation of an eight-membered transition state might also allow the anti-attack (from the
opposite side of the oxygen atom of the former oxetane) of the phenol moiety without
admitting the formation of a discrete carbocationic intermediate.
In order to verify the scope of our new reaction protocol, some substituted aryl
epoxides were also examined. In particular, a first detailed study was carried out using trans-
epoxides in the ring opening reaction with electron-rich tris-(3,5-dimethylphenyl) borate 3h
and tris-(3,5-dimethoxyphenyl) borate 3i in CH2Cl2, at –78°C and the results obtained are
displayed in the Table 3.2.20
O 3i O
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Table 3.2 Ring-opening of β-substituted trans-epoxides with aryl boratesa.
Entry Epoxide Borate Time Product (yield%)b Syn/antic
1 3h 18 h 3.32
  (45)
>95/ <5
2d 3h 1h 3.33
 (38)
>95/ <5
3 3i 0.5h 3.34
 (85)
<5/ >95
4 3i 0.5h 3.35
(52)
76/ 24
5 3i 2h 3.36
(60)
>95/ <5
a All reactions were carried out in accordance with the general procedure (see experimental section for
details) bIsolated yields of the ring-opening adducts after chromatographic purification (SiO2).c
Determined by 1H NMR  of crude reaction mixture after Mitsunobu-type cyclization to 2,3-substituted-
2,3-dihydrobenzofuranes (vide infra). d Reaction performed at room tempertaure.
It should be noted that the high regio- and syn-stereoselectivity observed for the ring-opening
of styrene oxide were, also in this case confirmed. In particular, β-methyl styrene oxide and
trans-stilbene oxide underwent the attack of the nucleophilic arene to give the expected syn-
ring-opened adducts 3.32 and 3.33 with a complete regioselectivity at the ortho-position of
the phenol (entries 1 and 2). Very interestingly, the ring-opening reaction of 2,3-epoxy-3-
phenylpropanol with tris-(3,5-dimethoxyphenyl) borate 3i (entry 3) afforded the
corresponding ring-opening product 3.34 with a good yield, albeit accompanied by a total
anti-stereoselectivity. This particular stereoselective outcome can be explained considering
that with this substrate the boron atom is likely engaged in the formation of an “ate” complex
with the free primary hydroxyl group, thus delivering the nucleophile in anti-fashion.21
Consistently with our considerations, when the same reaction was carried out on the
O
OH
HO
O
Ph Ph
OH
HO
O
OH
O
OMe
PhO
OH
OMe
OMe
HO
OMe
Ph
OH
OH
MeO
MeO
OH
CH2OH
OHMeO
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corresponding methyl ether (2-(methoxymethyl)-3-phenyloxirane), syn-hydroxyphenol 3.35
was obtained as the major product (entry 4). Moreover, the ring-opening of the semirigid 1-
phenyl-1-cyclohexene oxide, bearing a tertiary benzylic position, with borate 3i  afforded the
corresponding ring-opened product 3.36, containing a benzylic all-carbon quaternary
stereocenter, with a remarkably high syn-stereoselectivity (entry 5). It is also worth
mentioning that also β-di-substituted aryl epoxide underwent satisfactorily the attack of a
phenolic moiety under these reaction condition. In particular, the reaction of 2,2-dimethyl-3-
phenyloxirane with borate 3i gave a fast ring-opening with the formation of compound 3.37,
which was not isolated but directly cyclizated, in the presence of a catalytic amount of p-
toluensulfonic acid, to the corresponding 2,3-dihydrobenzofuran 3.38 with a good overall
yield (Scheme 3.21).
Scheme 3.21 Ring-opening of 2,2-dimethyl-3-phenyloxirane with tris(3,5-
dimethoxyphenyl)borate 3i.
After this promising results, we continued our investigation using cis-aryl epoxides in
the ring-opening reaction with borate 3i. Very interestingly, these substrates underwent the
attack of the phenolic moiety to give the corresponding ring-opened adduct with a fair to good
yield but with a high anti-stereoselectivity (Table 3.3).
O
OH
OMe
OMe
HO
3i, (1.5 equiv.)
CH2Cl2, -40°C
p-TsOH (5.0 mol%)
Toluene, 100°C, 18h
O
PhOMe
MeO
3.37 3.38, overall yield= 55%
112
Table 3.3 Ring-opening of β-substituted cis-epoxides with aryl borate 3ia.
Entry Epoxide Borate Time Product (yield%)b Syn/antic
1 3i 18 h 3.39
(52)
13/ 87
2 3i 18 h 3.40
                               (85)
<5/ >95
3 3i 18 h 3.41
(52)
<5/ >95
a All reactions were carried out in accordance with the general procedure (see experimental section for
details) bIsolated yields of the ring-opening adducts after chromatographic purification (SiO2).c
Determined by 1H NMR  of crude reaction mixture after Mitsunobu-type cyclization to 2,3-substituted-
2,3-dihydrobenzofuranes (vide infra).
This stereoselective outcome can be reasonably explained considering that in cis-aliphatic
systems, the phenyl substituent is substantially twisted out of conjugation with benzylic
carbenium ion, creating a sort of steric inhibition to the formation of an advanced
carbocationic specie22 (see figure 3.3), thus favoring the anti-attack by the highly nucleophilic
arene. The importance of the formation of an advanced carbocationic specie for the syn-
stereoselectivity of this ring-opening reaction could be also noted analyzing the results of the
ring-opening reactions of trans-phenyl glycidates with tris-(3,5-dimethoxyphenyl) borate 3i
(Table 3.4). While the presence of an electron-withdrawing group on the aromatic moiety of
the epoxide prevents the cleveage of the oxiranic system (entries 1 and 2), an electron-
donating group on the same ring allows the formation of the advanced carbocationic specie
necessary for the syn-stereoselectivity of this ring-opening reaction (entries 4 and 5).
COOMe
O
O
O OEt
O
OH
OHMeO
OMe
O OEt
OH
MeO OH
OMe
COOMe
OH
MeO OH
OMe
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Table 3.4 Ring-opening of substituted aryl glycidates with aryl borate 3ia.
Entry Epoxide Time Product (yield%)b Syn/antic
1d 2 days - Nil -
2 d 2 days - Nil -
3 18 h 3.39
(55)
60/ 40
4 18 h 3.42
(54)
>95/ <5
5 18 h 3.43
(52)
>95 >5
a All reactions were carried out in accordance with the general procedure (see experimental section for
details) bIsolated yields of the ring-opening adducts after chromatographic purification (SiO2).c
Determined by 1H NMR  of crude reaction mixture after Mitsunobu-type cyclization to 2,3-substituted-
2,3-dihydrobenzofuranes (vide infra). dReaction carried out at room temeparture.
After the promising results obtained with aryl epoxides, we continued our investigation
testing a number of vinyl epoxides in the reaction with aromatic borates. A preliminary study
was carried out using 1,3-cyclohexadiene monoepoxide in the reaction with tris-(3,5-
dimethylphenyl)borate 3h. In order to verify the optimal conditions, the ring-opening reaction
was performed using both THF and dichloromethane as reaction solvent and the results
obtained are reported in Scheme 3.22. Very interestingly, borate 3h reacted readily at room
temperature with 1,3-cyclohexadiene monoepoxide in THF to give cis-aryloxy alcohol 3.44 as
the only product, with high level of syn-stereoselctivity (>95% d.e), whereas upon switching
the solvent to CH2Cl2 the reaction afforded trans-hydroxyphenol 3.45 and t rans -
aryloxyalcohol 3.46, both with a high anti-stereoselectivity (>95% d.e).23
COOMeO
COOMeO
O2N
COOMeOCl
COOMe
OH
OHMeO
OMe
COOMeO
F
COOMeO
COOMe
OH
OHMeO
OMe
F
COOMe
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OHMeO
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Scheme 3.22 Product distribution in the reaction of aryl borate 3h with 1,3-cyclohexadiene
monoepoxide using different reaction condition.
The peculiar chemo- and stereoselectivity observed in the different solvents involves different
mechanisms in which the nature of the cationic intermediate and solvation effects may
account for many of the results. In the more solvating THF, the nucleophilic attack occurs by
the internal nucleophile (see Figure 3.2, pathway B) with retention of configuration and with
the prevalence of the harder character of the oxygen of the phenol derivative.24 On the other
hand, the lesser solvating ability of the allylic cationic intermediate by a low polarity solvent
such as CH2Cl2, may account for the normal ring-opening with inversion of configuration by
the highly nucleophilic arene 3h at its softer site (i.e., the ortho ring carbon of the phenol
derivative). It should be noted that alternative reaction conditions were also considered.  For
example, the reaction of 1,3-cyclohexadiene monoepoxide with borate 3h in CH2Cl2 at –78°C
in the presence of stoichiometric amounts of BF3.Et2O or catalytic amounts (5 mol%) of
In(OTf)3, gave more complex reaction mixture, in which trans-aryloxy ether 3.46 was the
major reaction product. Moreover, it is worth mentioning that the anti-stereoselectivity of this
Friedel-Crafts type ring-opening reaction was demonstred by cyclization of hydroxyphenol
3.45 to the corresponding cycloalkenobenzofuran 3.47 by means of Mitsunobu reaction
(Scheme 3.23). At this point, the stereochemistry of the cyclic compound 3.47 w a s
estabilished by 1D NOESY experiment, thus unequivocally demostring the relative trans-
configuration of the starting cyclic hydroxyphenol 3.45.
O
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OH
O
65% isolated yield
3.45 3.46
40% isolated yield
> 95% d.e
14% isolated yield
> 95% d.e
+
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Scheme 3.23 Cyclization of compound 3.45 by means of Mitsunobu reaction.
In order to verify the generality of the Friedel-Crafts-type ring-opening of
vinyloxiranes, the reactions of aryl borates 3h and 3i with a series of aliphatic and cyclic
vinyloxiranes in CH2Cl2 at low temperature were also examined. In particular, a first study
was carried out using cyclic epoxides and the results obtained are displayed in the Table 3.5.
Table 3.5 Ring-opening of cyclic vinyloxiranes with aromatic borate 3i.a
Entry Epoxide Time SN2/ SN2’ Main Product (yield%)b Syn/antic
1d 18 h >95/ <5 3.48
(65)
<5/ >95
2 18 h >95/ <5 3.49
(58)
15/ 85
3 18 h 70/ 30 3.50
(35)
<5/ >95
a All reactions were carried out in accordance with the general procedure (see experimental section for
details) bIsolated yields of the ring-opening adducts after chromatographic purification
(SiO2).cDiastereoisomeric excess was determined by 1H NMR and 13C NMR analysis of the crude
reaction mixture.d Reaction afforded ca. 25% of the corresponding para-alkylated SN2 product.
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With our pleasure, the reaction of borate 3i with cyclic vinyloxiranes occurred exclusively
with the C-alkylation pathway with complete regioselectivity at the allylic position of the
epoxide and at the ortho-position of the phenol derivative (entries 1 and 2). Only in the case
of 1,3-cyclooctadiene monoepoxide (entry 3) substantially amounts of the SN2’-type-attack
product was recovered as an inseparable mixture with the main product 3.50. Interestingly,
the stereoselectivity associated with the ring-opening was uniformly high in all cases.
After the promising results obtained with cyclic vinyloxiranes, we continued our
investigation using a series of aliphatic vinyloxiranes. To this end, several epoxides in the
reaction with tris-(3,5-dimethylphenyl)borate 3h and tris-(3,5-dimethoxyphenyl) borate 3i  at
low temperature in CH2Cl2 were tested (Table 3.6).
Table 3.6 Ring-opening of aliphatic vinyloxiranes with aromatic borates.a
Entry Epoxide Borate SN2/ SN2’ Main Product (yield%)b Syn/anti e
1 3h 75/ 25 3.51
(54)
n.a
2 3i 82/ 18 3.52
(75)
n.a
3 3h 15/ 85 3.53
 (E/Z= 78:22)        (48)
n.a
4 3i <5/ >95 3.54
                              (65)
n.d
5d 3i >95/ <5 3.55
                             (40)e
<5/
>95
a All reactions were carried out in accordance with the general procedure (see experimental section for
details) bIsolated yields of the ring-opening adducts after chromatographic purification (SiO2).c n.a=
not-applicable. n.d= not-determined d Reaction performed at –30°C. Conversion of 75%.
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Butadiene monoepoxide reacted readily with borates 3h and 3i to give fair to good isolated
yields of the hydroxyphenols 3.51 and 3.52, deriving from an SN2 attack by the ortho-position
of the phenol derivative at the allylic position of the epoxide (entries 1 and 2), albeit the
formation of the corresponding SN2’-type-attack products were also observed. While the
reaction of a tertiary vinyloxirane, such as the commercially available isoprene monoepoxide,
with arylborate 3h proved not to be synthetically efficient (entry 3), a remarkable reversal of
the regiocontrol of the ring-opening was found in the reaction of (Z)-2-(but-1-enyl)-3-
propyloxirane25 with borate 3i (entry 4). In this case, the reaction afforded the corresponding
hydroxyphenol 3.54 deriving from an allylic transposition of the original double bond (SN2’-
attack). Then, the substitution of the allylic residue with a carboethoxy group gave a
diminished reactivity (75% conversion after 18h at –30°C), and restored the SN2-attack (entry
5).
3.2.1. Synthetic application of the ring-opened products: Synthesis of 2,3-
dihydrobenzofurans.
During the investigation of the ring-opening reactions of aryl and vinyl epoxides with
electron-rich borates, we envisioned that hydroxyphenols obtained during this study can be
used to give stereodefined 2,3-dihydrobenzofurans by cyclodehydration reaction. In
preliminary study aiming to find the best conditions for this ring-closure reaction, we
observed that the use of an acid-catalyzed reaction (5.0 mol% of p-toluensulfonic acid in
refluxing toluene) for the ring-closure of 2-((1S,2R)-2-hydroxy-1-phenylpropyl)-3,5-
dimethylphenol (3.32) proved not to be efficient giving an inseparable 68/32 mixture
(estabilished by 1H NMR analysis of crude reaction mixture) of diastereoisomeric cis- (3.56)
and trans-2-methyl-3-phenyl-5,7-dimethyl-2,3-dihydrobenzofurans (3.57) (Scheme 3.24).
Scheme 3.24. Acid-catalyzed cyclodehydration of hydroxyphenol  3.32.
On the other hand, when the same reaction was effected by means of Mitsunobu reaction
(PPh3, DEAD, THF, rt), which generally occurs with inversion of configuration, the
OH
OH p-Ts-OH (5.0 mol%)
Toluene, reflux
3.32
O
3.56
Me
O
H1+
3.57
JH1-H2= 8.2Hz
H2
H1
H2
Me
JH1-H2= 6.0Hz
cis /trans ratio : 68: 32
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diastereoselectivity was improved up to synthetically useful levels, (d.r >95/ <5) and
compound 3.56 was isolated with an 80% yield (Scheme 3.25).
Scheme 3.25. Cyclodehydration of hydroxyphenol  3.32 by means of Mitsunobu reaction.
Based on these results, several hydroxyphenols obtained with our Friedel-Crafts-type ring-
opening reaction were tested in the reaction conditions displayed in the Scheme 3.25, and the
results obtained are reported in the Table 3.7.
Table 3.7. Mitsunobu Cyclodehydration of hydroxyphenols.
Entry Substate Product (Yield%) Entry Substrate Product (Yield%)
1
3.58 3.59 (62%)
5
3.64
3.65 (85)
2
3.60 3.61 (65%)
6
3.66 3.67 (95)
(78/22 er)
3
3.31i 3.62 (95%)
7
3.34 3.68 (60)a
4
3.31h (e.r 92/8) 3.63 (94%)
8
3.41 3.69 (40)
a Isolated after acetylation of crude reaction mixture.
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Compounds 3.58 and 3.60, which can readily be prepared with a high diastereoisomeric
purity from the reactions of trans-stibene oxide and trans-methyl-3-(2-methylphenyl)-2,3-
epoxy-propanoate  with borate 3f, afforded good yields of the corresponding cis-3-aryl-2,3-
dihydrobenzofurans 3.59 and 3.61 (Entries 1 and 2). Moreover, the application of Mitunobu
cyclization to compounds 3.31i and 3.64 all bearing a primary alcohol functionality, gave
almost quantitative yields of the corresponding 3-aryl-2,3-dihydrobenzofurans (entries 3 and
5). In particular, the use of the enantioenriched hydroxyphenol 3.31h, obtained from the
reaction of optically active (R)-styrene oxide with borate 3h (Scheme 3.19), afforded the
corresponding enantioenriched dihydrobenzofuran 3.63 with 94% yield and with a reduced
extent of epimerization (92/8 er), as determined by HPLC analysis (entry 4). It is worth
mentioning that also dihydronaphtobenzofurans can be accessed by this method.26 The nuclear
alkylation of borate 3j derived from β-naphtol with optically active styrene oxide and
subsequent Mitsunobu-type cyclization afforded the corresponding (S)-1-phenyl-1,2-
dihydronaphto[2,1-b]furan 3.67 with a high yield (entry 6). However, it should be noted that
an increased extent of racemization was observed with respect to the same reaction carried
out with borate 3h and 3i (Scheme 3.19). To our surprise, the application of Mitsunobu
reaction to phenol diol 3.34 turned out to be completely regioselective with the formation in
good yields of the corresponding t rans-dihydrobenzofuran 3.68 deriving from the
intramolecular substitution of the secondary, instead the primary alcohol functionality (entry
7). Very interestingly, the application of the Mitsunobu cyclization to compound 3.36, in
which the twoo reacting terminus (the phenol moiety and the hydroxyl group) are on the same
ring of the cyclohexane ring, proved to be problematic, and tetrasubstituted alkene 3.70 was
obtained (Scheme 3.26). Althought there are no report of this kind, the 1,2-phenyl migration
observed might be reasonably explained by the intermediate occurrence of the phenonium ion
A (Scheme 3.26), assisting the concerted exit of the leaving group and the contemporary loss
of the proton.
Scheme 3.26. Rearrangement induced by Mitsunobu Cyclodehydration.
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However, the application of the p-toluensulfonic acid-catalyzed cyclodehydration gave the
corresponding new 2,3-dihydrobenzofuran 3.71 as a single diastereoisomer with a very high
yield (Scheme 3.27). It should be noted that the sterochemistry of compound 3.71, and as a
consequence of its precursor 3.36, was demonstrated by 1D NOESY experiment.
Scheme 3.27. Acid-catalyzed cyclodehydration of hydroxyphenol  3.36.
During this study, we envisioned that also hydroxyphenols obtained from the reaction
of vinyl epoxides with aromatic borates could be suitable precursor to prepare 3-
alkenylbenzofurans. In preliminary experiments, the application of Mitsunobu reaction to
hydroxyphenols 3.51 and 3.52, deriving respectively from the ring opening of butadiene
monoepoxide with tris-(3,5-dimethylphenyl)borate 3h  and tris-(3,5-dimethoxyphenyl)borate
3i, afforded the expected compounds 3.72 and 3.73 with very high yields (Scheme 3.28).
Scheme 3.28. Mitsunobu Cyclodehydration of hydroxyphenols 3.51 and 3.52.
Based on these promising results, we extended this cyclodehydration reaction also to
hydroxyphenols derived from cyclic vinyloxiranes for the synthesis of different substituted
cycloalkenobenzofurans (Scheme 3.29). It should be noted that this class of compounds,
bearing the double bond adjacent to the ring fusion and in β-position with respect to the
aromatic ring, is not easy to prepare by current methods.27
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Scheme 3.29. Mitsunobu Cyclodehydration of cyclic hydroxyphenols.
Consistently with our expectetion, the application of the Mitsunobu-type cyclodehydration to
compound 3.48, derived from the ring-opening of 1,3-cyclohexadiene monoepoxide with
borate 3h, readily gave the desired cis-3,4,4a,9b-tetrahydrobenzofuran 3.74 with a good yield
and without loss of diastereoisomeric purity. Likewise, the cyclodehydration of
hydroxyphenols 3.49  and 3.50 allowed a simple preparation of the corresponding new
benzofurans 3.75 and 3.76 with fair to good yields, thus demonstrating the generality of this
synthetic protocol.  
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THF, rt
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MeO OMe
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3.3. Experimental Section.
General Methods.  THF, CH2Cl2 on molecolar sieves were purchased from Fluka
and used as such. Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets
(Macherey- Nagel) with detection by 0.5% Phosphomolybdic acid solution in 95% EtOH.
Silica gel 60 (Macherey- Nagel 230- 400 mesh) was used for flash chromatography. Solvents
for extraction and chromatography were HPLC grade. All phenols were purchased from
Aldrich and used as such.
1H NMR spectra were recorded on a Bruker AC-200 or on Bruker Avance II 250
spectrometer. Chemical shifts are reported in ppm downfield from tetramethylsilane with the
solvent resonance as the internal standard (deuterochloroform: δ 7.26, deuteromethanol: δ
3.31). 13C NMR spectra were recorded on a Bruker AC-200 (50 MHz) or on Bruker Avance II
250 spectrometer (62.5 MHz) with complete proton decoupling. Chemical shifts are reported
in ppm downfield from tetramethylsilane with the solvent resonance as the internal standard
(deuterochloroform: δ 77.0, deuteromethanol: δ  49.0). Analytical high performance liquid
chromatography (HPLC) were performed on a Waters 600E equipped with Varian Prostar
325 detector using Daicel Chiralcel OD-H column with 0.5 mL solvent flow and detection at
254 nm.
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. Mass spectra ESIMS were
measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped with a software
Xcalibur.
2-(triisopropylsilyl)phenol (3.33) (Scheme 3.17).
To a solution of phenol (2.83 g, 30 mmol) in anhydrous THF (11.3 mL) was
added dropwise and under argon protection a suspension of NaH (75 mmol)
in anhydrous THF (22.5 mL). The resulting solution was allowed to react for 1 hour at room
temperature and a solution of N,N-diethylcarbamoyl chloride (5.08 g, 37.5 mmol) in
anhydrous THF was then added. The mixture was allowed to react for 18 hours under
magnetic stirring. The mixture was then concentrated in vacuo and a solution of aqueous Et2O
was added in order to inactivate the excess of NaH. The sunspension was decanted, washed
with water and dried over sudium sulfate. Evaporation of organic solvent afforded the crude
reaction mixture, which was purified by column chromatography (hexanes AcOEt 1:1) to give
the corresponding phenyl diethylcarbamate, as a colorless liquid. Successively, to a solution
of TMEDA (3.3 mL, 22 mmol) in anhydrous THF (60 mL) was added dropwise a solution 1.4
M of sec-butyllithium (15.7 mL, 22 mmol) at –78°C and under argon protection and the
resulting solution was allowed to react for 10 minutes under magnetic stirring. A solution of
OH
Si
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phenyl diethylcarbamate (3.85 g, 20 mmol) in anhydrous THF (6.0 mL) was added dropwise
and the mixture was allowed to react for 45 minutes. Then, TIPSCl (4.77 g, 24 mmol) was
added dropwise and after 24 hours the reaction was quenced with NH4Cl. The solvent was
evaporated in vacuo, diluited with Et2O and washed with water. The following column
chromatography (hexanes AcOEt 1:1) afforded pure compound 3.32, as a yellow liquid.
To a suspension of LiAlH4 (737 mg, 19.4 mmol) in anhydrous Et2O (62 mL) was added under
argon a solution of compound 3.32 (2.6 g, 9.7 mmol) in anhydrous Et2O (9 mL) and the
mixture was allowed to react for 24 hours at rt. A solution of aqueous Et2O was added in
order to inactivate the excess of LiAlH4. The mixture was then washed with brine. The
evaporation of the solvent afforded compound 3.33, as a yellow pale oil (Overall yield 30%).
RF= 0.43 (hexanes/AcOEt 8:2).
1H NMR (CDCl3) δ 7.39 (d, 1H, J= 7.32 Hz); 7.28-7.20 (m, 1H); 6.93 (t, 1H, J= 7.32); 6.68
(d, 1H, J= 8.3 Hz); 4.85 (s, 1H); 1.57-1.23 (m, 3H); 1.10 (d, 18H, J= 7.33 Hz).
13C NMR (CDCl3) δ 161.39, 137.85, 130.95, 121.14, 120.82, 115.48, 19.56, 12.39.
Synthesis of aromatic borates.
Following a previuosly described procedure for the preparation of triphenyl borate,18 a
solution of substituited phenol (9.0 mmol) in degassed THF (4.0 mL) was added at 0°C to a
solution of BH3⋅Me2S (3.0 mmol) in THF (1.5 mL) under argon. The mixture was allowed to
react up to complete evolution of H2. Evaporation of organic solution afforded aromatic
borates 3a-j, which were not further purified.
Ring-opening of aryl epoxides.
General Procedure as follows: a solution of aryl borate (1.5 mmol) in CH2Cl2 (1.0 mL)  was
added under argon to a stirred solution of epoxide (1.0 mmol) in CH2Cl2 (0.5 mL). The
reaction was followed by TLC and was quenched with brine (2.0 mL) after complete
consumption of the starting epoxide. The solution was diluted with Et2O or CH2Cl2 (20 mL)
and washed with brine. Evaporation of the dried organic solution afforded a crude reaction
mixture that was purified by silica gel column chromatography to give the pure compounds.
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(2S*,3S*)-Methyl-3-(2-methylphenyl)-3-(2-hydroxyphenyl)-2-
hydroxy-propanoate (3.25) (Scheme 3.15).
Using the typical procedure described above, a solution of triphenyl
borate 3a  (348.0 mg, 1.2 mmol) in CH2Cl2 (1.0 mL) was added at rt to
a solution of methyl 3-(2-methylphenyl)-2,3-epoxy-propanoate (192 mg, 1.0 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 3 hours. The product was isolated by column
chromatography (Yield= 10.5%) eluting hexanes/AcOEt 7:3, as a white solid. M.p= 148- 150
°C. RF= 0.26 (hexanes/AcOEt 7:3).
1H NMR (CDCl3, 200 MHz) δ 2.03 (s, 3H); 3.27 OH (d, 1H, J= 6.8 Hz); 3.74 (s, 3H); 4.88 (d,
1H, J= 2.9 Hz); 4.96 (dd, 1H, J1=6.8 Hz, J2= 2.9 Hz); 6.51 OH (m, 1H); 6.72- 7.27 (m, 7H);
7.77 (d, 1H, J= 7.53).
13C NMR (CDCl3, 50 MHz) δ 20.52, 46.71, 53.56, 73.95, 117.38, 121.19, 124.60, 126.79,
127.66, 128.18, 129.25, 131.44, 132.45, 137.19, 155.03, 174.90.
Anal. Calcd. For C17H18O4: C, 71.31%; H, 6.34%. Found: C, 71.25%; H, 6.31%.
The first eluting fractions of the above described column
chromatography (RF=0.30 hexanes/AcOEt 7:3) afforded pure (2S*,
3R*)- Methyl 3-(2-methylphenyl)-3-phenoxy-2-hydroxy- propanoate
(3.24), as a white solid (yield= 60%). M.p= 148- 150 °C.
1H NMR (CDCl3, 200 MHz) δ 2.38 (s, 3H); 3.13 OH (d, 1H, J= 8.0 Hz); 3.67 (s, 3H); 4.35
(dd, 1H, J1= 8.0 Hz, J2= 2.2 Hz), 5.63 (d, 1H, J= 2.2 Hz); 6.63- 6.82 (m, 3H); 7.03- 7.11 (m,
6H); 7.32- 7.37 (m, 1H).
13C NMR (CDCl3, 50 MHz) δ 19.7, 53.4, 73.6, 78.1, 116.3, 122.0, 126.89, 128.1, 128.7,
130.2, 131.2, 134.5, 135.1, 158.0, 173.0.
 (1S*, 2S*)-2-(2-hydroxyphenyl)-1,2-diphenyl-1-ethanol (3.27)
(Scheme 3.15).
Using the typical procedure described above, a solution of triphenyl
borate 3a (348.0 mg, 1.2 mmol) in CH2Cl2 (1.0 mL) was added at rt to a
solution of trans-stilbene oxide (196.3 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was
allowed to react for 3 hours (> 95% conversion). The product was isolated by column
chromatography (Yield= 15%) eluting hexanes/AcOEt 8:2, as a semisolid. RF= 0.12
(hexanes/AcOEt 8:2).
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1H NMR (CDCl3, 200 MHz) δ 4.40 (d, 1H, J= 6.3 Hz); 5.43 (d, 1H, J= 6.3 Hz); 6.69-  7.34
(m, 14H).
13C NMR (CDCl3,50 MHz) δ 56.58, 78.34, 118.39, 121.10, 126.95, 127.05, 127.31, 128.13,
128.46, 128.72, 128.93, 129.14, 129.24, 132.28, 140.91, 142.29.
The first eluting fractions of the above described  column
chromatography (RF= 0.30 in hexanes/AcOEt 8:2) afforded pure (1R*,
2R*)-2-phenoxy-1,2-diphenyl-1-ethanol (3.26), as a solid (yield= 52%).
M.p= 84- 87°C.
1H NMR (CDCl3) δ 4.86 (d, 1H, J= 7.8 Hz); 5.06 (d, 1H, J= 7.8 Hz); 6.75- 7.22 (m, 15H).
13C NMR (CDCl3) δ 79.30, 86.07, 116.76, 122.03, 127.86, 128.08, 128.63, 128.82, 130.05,
137.77, 139.21, 158.22.
2-(2-hydroxy-3-methylphenyl)2-phenylethanol (3.31b) (Entry 2, Table
3.1).
Using the typical procedure described above, a solution of tris (2-
methylphenyl) borate 3b (498.3 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at rt to a solution of styrene oxide (120.1 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The
solution was allowed to react for 2 hours. The product (yield= 9.8%) was isolated by column
chromatography eluting with hexanes:AcOEt 8:2, as white liquid. Rf= 0.13 (hexanes/AcOEt
8:2).
1H NMR (CDCl3, 200 MHz) δ 2.05- 2.20 OH (m, 1H); 2.25 (s, 3H); 4.20- 4.37 (m, 2H); 4.40-
4.48 (m, 1H); 6.73- 7.05 (m, 3H); 7.22- 7.36 (m, 6H).
13C NMR (CDCl3, 50 MHz) δ 17.03, 49.10, 67.33, 120.89, 126.21, 127.63, 127.98 128.55,
129.05, 129.47, 130.32, 140.97, 153.61.
Anal. Calcd. For C15H16O2: C, 78.92%; H, 7.06%. Found: C, 78.72%; H, 7.09%.
The first eluting fractions of the above desribed column chromatography
(Rf= 0.22 in hexanes/AcOEt 8:2) afforded pure 2-(2-methylphenoxy)-2-
phenylethanol (3.30b)28, as semisolid (yield= 45 %).
1H NMR (CDCl3, 200 MHz) δ 2.05- 2.16 OH (m, 1H); 2.21 (s, 3H); 3.61-
3.90 (m, 2H); 5.15 (dd, 1H, J1= 8.0 Hz, J2= 3.8 Hz); 6.50 (d, 1H, J2= 8.1 Hz); 6.62- 6.72 (m,
1H); 6.78- 6.89 (m, 1H); 6.96- 7.04 (m, 1H); 7.08- 7.27 (m, 5H).
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13C NMR (CDCl3, 50 MHz) δ 17.28, 68.30, 81.43, 113.60, 121.45, 126.88, 127.34, 127.57,
128.82, 129.39, 131.44, 138.57, 156.25.
2-(2-hydroxy-3-tertbutylphenyl)-2-phenylethanol (3.31c) (Entry 3, Table
3.1)
Using the typical procedure described above, a solution of tris (o-
tertbutylphenyl) borate 3c (682.5 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at rt to a solution of styrene oxide (120.1 mg, 1.0 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 6 hour. The product was isolated (Yield=
35%) by column chromatography eluting with hexanes/Et2O 7:3, as oil. Rf= 0.36
(hexanes/AcOEt 8:2).
1H NMR (CDCl3, 200 MHz) δ 1.34 (s, 9H); 2.12- 2.26 OH  (br, 1H); 4.23 (d, 2H, J=6.1Hz);
4.39 (t, 1H, J= 6.1 Hz); 6.67- 6.81 (m, 2H); 7.08- 7.33 (m, 6H).
13C NMR (CDCl3, 50 MHz) δ 30.49, 35.48, 48.57, 67.91, 120.61, 126.33, 127.71, 127.89,
129.07, 129.48, 130.23, 138.60, 140.77, 154.54.
The first eluting fractions of the above described column chromatography
(Rf= 0.44 in hexanes/AcOEt 8:2) afforded pure 2- (2-tertbutylphenoxy)-2-
phenylethanol (3.30c), as a semisolid (Yield= 24%).
1H NMR (CDCl3, 200 MHz) δ 1.55 (s, 9H); 3.82- 4.15 (m, 2H); 5.35 (dd,
1H, J1= 7.2 Hz, J2=3.9 Hz); 6.59- 6.69 (m, 1H); 6.94- 7.06 (m, 1H); 7.16-
7.45 (m, 7H).
13C NMR (CDCl3, 50 MHz) δ 30.84, 35.63, 68.46, 81.17, 113.79, 121.04, 126.96, 127.51,
127.55, 128.78, 129.53, 138.28, 156.61.
2-(2-hydroxy-5-methoxyphenyl)-2-phenylethanol (3.31d) (Entry 4,
Table 3.1).
Using the typical procedure described above, a solution of tris (p-
methoxyphenyl) borate 3d (571.2 mg, 1.5 mmol) in CH2Cl2 (1.0 mmoli)
was added at rt to a solution of styrene oxide (120.1 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The
mixture was allowed to react for 1 hour. The product was isolated (Yield=18%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a semisolid. Rf= 0.06 (hexanes/AcOEt
8:2).
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1H NMR (CDCl3, 200 MHz) δ 3.62 (s, 3H); 4.17- 4.26 (m, 2H); 4.38 (t, 1H, J= 6.0 Hz); 6.52
(d, 1H, J= 2.9 Hz); 6.62 (dd, 1H, J1= 8.7 Hz, J2= 2.9 Hz); 6.75 (d, 1H, J= 8.7 Hz); 7.13- 7.30
(m, 5H).
13C NMR (CDCl3, 50 MHz) δ 48.85, 56.31, 67.22, 113.24, 116.28, 118.39, 127.68, 129.02,
129.47, 130.26, 136.11, 149.14, 161.15.
MS  (relative intensity) 244 (M+, 100), 227 (8), 213 (26), 181 (4), 153 (5), 115 (3).
The first eluting fractions of the above described column
chromatography (Rf= 0.13 in hexanes/AcOEt 8:2) afforded pure 2- (4-
Methoxyphenoxy)-2-phenylethanol (3.30d), as a solid (Yield= 40%).
M.p.= 83- 85 °C.
1H NMR (CDCl3, 200 MHz) δ 2.25- 2.35 (br, 1H, OH); 3.63 (s, 3H);
3.67- 3.99 (m, 2H); 5.08 (dd, 1H, J1= 8.0, J2= 3.9 Hz); 6.62- 6.77 (m, 4H); 7.16- 7.29 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 56.26, 68.22, 82.61, 115.19, 117.67, 127.03, 128.81, 129.37,
138.62, 152.47, 154.75.
MS (relative intensity) 244 (M+, 100), 227 (24), 124 (46), 109 (13), 91 (5).
2-(2-hydroxy-4-methoxyphenyl)-2-phenylethanol (3.31e) (Entry 5, Table
1).
Using the typical procedure described above, a solution of tris (m -
methoxyphenyl) borate 3e (571.2 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –78°C under argon to a solution of styrene oxide (120.1mg, 1.0
mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours. The product was
isolated (Yield= 35%) by semipreparative TLC eluting with hexanes/AcOEt 8:2 (3 times), as
a semisolid.
1H NMR (CDCl3, 200 MHz) δ 3.76 (s, 3H); 4.19- 4.30 (m, 2H); 4.32- 4.41 (m, 1H); 6.41 (dd,
1H, J1= 8.4 Hz, J2= 2.7Hz); 6.48 (d, 1H, J2= 2.7 Hz); 6.88 (d, 1H, J= 8.4 Hz); 7.18- 7.39 (m,
5H).
13C NMR (CDCl3, 50 MHz) δ 48.80, 55.99, 67.39, 103.55, 106.96, 127.59, 128.99, 129.45,
131.33, 141.09, 156.48, 160.41.
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The second eluting fractions of the above described semipreparative TLC
afforded pure 2-(2-hydroxy-6-methoxyphenyl)-2-phenylethanol
(3.31e’), as a white solid (Yield= 11%). M.p= 89- 92°C.
1H NMR (CDCl3, 200 MHz) δ 2.35- 2.63 OH (br, 1H); 3.73 (s, 3H); 4.15-
4.26 (m, 1H); 4.46 (dd, 1H, J1= 11.3 Hz, J2= 4.8 Hz); 5.00 (dd, 1H, J1= 4.8 Hz, J2= 2.5 Hz);
6.46 (dd, 1H, J1= 8.1 Hz, J2= 1.0 Hz); 6.60 (dd, 1H, J1= 8.1 Hz, J2= 1.0 Hz); 7.14 (t, 1H, J=
8.1Hz); 7.20- 7.40 (m, 5H).
 13C NMR (CDCl3, 50 MHz) δ 42.69, 56.60, 66.33, 103.18, 111.49, 127.26, 128.79, 129.11,
129.37, 140.51, 157.09.
The first eluting fractions of the above described semipreparative TLC
afforded pure 2-(3- Methoxyphenoxy)-2-phenylethanol (3.30e), as oil
(Yield= 4.3%).
1H NMR (CDCl3, 200 MHz) δ 2.22- 2.34 OH (br, 1H); 3.73 (s, 3H); 3.75-
3.99 (m, 2H); 5.26 (dd, 1H, J1= 8.0 Hz, J2= 3.9 Hz); 6.39- 6.53 (m, 3H);
7.03- 7.14 (m, 1H); 7.23- 7.40 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 55.78, 68.12, 81.79, 103.02, 107.25, 108.71, 126.85, 128.75,
129.34, 130.39, 145.93, 158.95, 159.62.
2-(2-hydroxy-5-methylphenyl)-2-phenylethanol (3.31f) (Entry 7, Table
3.1)
Using the typical procedure described above, a solution of tris (p-
methylphenyl) borate 3f (498.3 mg, 1.5 mmol) in CH2Cl2  (1.0 mL) was
added at –78°C under argon to a solution of styrene oxide (120.1 mg, 1.0 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 18 hours at –78°C. The product was isolated
(Yield= 48%) by column chromatography eluting with hexanes/AcOEt 8:2, as a semisolid.
Rf= 0.13 (hexanes/AcOEt 8:2).
1H NMR (CDCl3, 200 MHz) δ 2.11 (s, 3H); 2.69- 2.85  OH (br, 1H); 4.00- 4.15 (m, 2H);
4.27- 4.40 (m, 1H); 6.58- 6.73 (m, 2H); 6.75- 6.88 (m, 1H); 7.01 - 7.27 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 21.29, 48.75, 66.85, 117.41, 127.37, 128.61, 129.02, 129.28,
130.32, 130.72, 141.09, 151.81.
MS (relative intensity) 228 (M+, 100), 211 (11), 197 (49), 182 (5), 165 (3), 115 (3), 91 (2), 39
(5).
Anal. Calcd. For C15H16O2: C, 78.92%; H, 7.06%. Found: C, 78.81%; H, 7.03.%
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The first eluting fractions of the above described column chromatography
(Rf= 0.2 in hexanes/AcOEt 8:2) afforded pure 2-(4-Methylphenoxy)-2-
phenylethanol (3.30f)29, as a solid (Yield= 32%). M.p= 79- 82°C.
1H NMR (CDCl3, 200 MHz) δ 2.17 (s, 3H); 2.22 OH (br, 1H); 3.74-
3.94 (m, 2H); 5.22 (dd, 1H, J1 = 7.8 Hz, J2=3.8 Hz); 6.74- 6.78 (m, 2H); 6.96- 7.01 (m, 2H);
7.25- 7.33 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 21.11, 68.24, 81.81, 116.39, 126.93, 128.75, 129.36, 130.51,
131.10, 138.58, 156.23.
2-(hydroxy-3-triisopropylsilylphenyl)-2-phenylethanol (3.31g)
(Scheme 3.18)
Using the typical procedure described above, a solution of tris (o-
triisopropylsilylphenyl) borate 3g (447.6 mg, 0.6 mmol) in CH2Cl2 (0.5
mL) was added at r.t to a solution of styrene oxide (48 mg, 0.4 mmol) in
CH2Cl2 (0.2 mL). The mixture was allowed to react for 2 hours. The
product was isolated by column chromatography eluting with hexanes/AcOEt 8:2, as an oil
containing 25% of  compound 3.30g.
1H NMR (CDCl3, 200 MHz) δ 1.08- 1.25 (m, 18H); 1.37- 1.55 (m, 3H); 4.25- 4.38 (m, 3H);
6.65- 6.72 (m, 1H); 6.81- 6.92 (m, 1H); 6.96- 7.02 (m, 1H); 7.14- 7.28 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 12.53, 19.68, 49.42, 67.60, 112.80, 120.71, 127.10, 129.03,
129.51, 131.41, 136.53, 137.93, 140.55, 160.75.
(2S)-2-(2-hydroxy-4,6-dimethylphenyl)-2-phenylethanol (3.31h)
(Scheme 3.19).
Using the typical procedure described above, a solution of tris (3,5-
dimethylphenyl) borate 3h (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –78°C under argon to a solution of (R)-(+)-styrene oxide (120.1
mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 1.5 hour. The
product was isolated (Yield= 75%) by column chromatography eluting with hexanes/AcOEt
8:2, as a white solid. M.p= 68- 70°C. Rf= 0.15 (hexanes/AcOEt 8:2).
1H NMR (CDCl3, 200 MHz) δ 2.19 (s, 3H); 2.25 (s, 3H); 3.02- 3.34 OH (br, 1H); 4.10- 4.23
(m, 1H); 4.31- 4.51 (m, 2H); 6.59 (s, 2H); 7.13- 7.35 (m, 5H); 8.34- 8.54 OH  (m, 1H).
13C NMR (CDCl3, 50 MHz) δ 21.48, 46.95, 65.84, 117.01, 123.71, 124.23, 127.17, 128.70,
129.25, 138.46, 138.84, 155.79.
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HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 22.5 (S, major stereoisomer),
26.6 (R, minor stereoisomer).
The first eluting fractions of the above described column chromatography
(Rf= 0.24 in hexanes/AcOEt 8:2) afforded pure ( 2R)-2-(3,5
dimethylphenoxy)-2-phenylethanol (3.30h), as a white solid. M.p.= 98-
100°C (Yield= 6.6%).
1H NMR (CDCl3, 200 MHz) δ 2.18 (s, 6H); 3.70- 3.91 (m, 2H); 5.22 (dd,
1H, J1=7.9 Hz, J2=3.9 Hz); 6.43- 6.54 (m, 3H); 7.20- 7.36 (m, 5H).
13C NMR (CDCl3, 50 MHz) δ 22.08, 68.28, 81.50, 114.28, 123.73, 126.88, 128.72, 129.37,
138.66, 139.84, 158.50.
Retention/inversion ratio 70/30. HPLC analysis performed on a Daicel Chiralcel ® OD-H
column, flow rate: 0.5 mL/min, mobile phase: hexane/isopropanol 92/8, retention times (min):
12.8 (S, minor stereoisomer), 17.3 (R, major stereoisomer).
 (2S)-2-(2-hydroxy-4,6-dimethoxyphenyl)-2-phenylethanol (3.31i)
(Scheme 3.19)
Using the typical procedure described above, a solution of tris (3,5-
trimethoxyphenyl) borate 3i (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –78°C under argon to a solution of (R)-(+)-styrene oxide (120.1
mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 1 hour. The product
was isolated (Yield= 77%) by column chromatography eluting with hexanes/AcOEt 8:2, as a
white solid. M.p= 105- 107°C. Rf= 0.18 (hexanes/AcOEt 7:3).
1H NMR (CDCl3, 200 MHz) δ 3.03-  3.28 OH (br, 1H); 3.69 (s, 3H); 3.76 (s, 3H); 4.05- 4.19
(m, 1H); 4.41 (dd, 1H, J1= 11.0 Hz, J2= 4.6 Hz); 4.86 (dd, 1H, J1= 4.6 Hz, J2= 2.6 Hz); 6.07
(d, 1H, J= 2.4 Hz); 6.15 (d, 1H, J= 2.4 Hz); 7.11- 7.36 (m, 5H); 8.93- 9.05 OH (br, 1H).
13C NMR (CDCl3, 50 MHz) δ 42.15, 55.82, 56.41, 66.38, 91.74, 95.38, 109.52,126.94,
128.65, 129.10, 141.06, 157.72, 159.54, 160.64.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 32.1 (R, minor stereoisomer),
37.8 (S, major stereoisomer).
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2-((1S*, 2R*)-2-hydroxy-1-phenylpropyl)-3,5-dimethylphenol (3.32)
(Entry 1, Table 3.2)
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (3h) (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –78°C under argon to a solution of trans-β-methylstyrene oxide
(134.1 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at
–40°C. The mixture, containing 35 % of O-Alkylation product, was purified by column
chromatography eluting with hexanes/AcOEt 85:15 to give compound 3.32 (115.2 mg,45%),
as a white solid. M.p= 72- 75°C.
1H NMR (200 MHz, CDCl3) δ 1.29 (d, 3H, J= 6.6 Hz); 2.21 (s, 3H); 2.29 (s, 3H); 4.40 (d, 1H,
J= 4.1 Hz); 4.59- 4.75 (m, 1H); 6.60 (br, s, 1H); 6.70 (br, s, 1H); 7.14- 7.21 (m, 5H).
13C NMR (50 MHz, CDCl3) δ 20.5, 20.8, 21.1, 51.4, 70.9, 116.6, 123.3, 126.6, 128.2, 128.7,
137.9, 138.6, 139.1, 140.2, 155.2.
(1R*, 2R*)-1-(3,5-Dimethylphenoxy)-1-phenylpropan-2-ol.
The first eluting fractions of the above described column chromatography
afforded pure (1R*, 2R*)-1-phenyl-1-(3,5-dimethylphenoxy)-propan-2-ol
as a white solid (yield= 21%). M.p= 134- 136°C.
1H NMR (200 MHz, CDCl3) δ 1.09 (d, 3H, J=6.4 Hz); 2.19 (s, 6H); 2.85
OH (br, s, 1H); 4.00-4.10 (m, 1H); 4.82 (d, 1H, J=7.3 Hz); 6.44-6.53 (m, 3H); 7.20-7.40 (m,
5H).
13C NMR (50 MHz, CDCl3) δ 18.0, 21.3 (2C), 71.6, 85.4, 113.8, 123.1, 127.1, 128.1, 128.6,
138.3, 139.1, 157.8.
2-((1S*,2S*)-2-Hydroxy-1,2-diphenylethyl)-3,5-dimethylphenol (3.33)
(Entry 2, Table 3.1)
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (3h) (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at rt to a solution of trans-stilbene oxide (196.3 mg, 1.0 mmol) in
CH2Cl2 (0.5 mL). The mixture was allowed to react for 1.5 hours at rt. The mixture,
containing 50 % of O-Alk product, was purified by column chromatography eluting with
hexanes/AcOEt 9:1 to give compound 3.33 (79.5 mg, 25%), as an amorphous solid. RF= 0.12
(hexanes/AcOEt 9:1).
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1H NMR (200 MHz, CDCl3) δ 1.72 (s, 3H); 2.17 (s, 3H); 3.87-4.01 OH (br, 1H); 4.59 (d, 1H,
J= 3.6 Hz); 5.70-5.81 (m, 1H); 6.40 (s,1H); 6.50 (s, 1H); 7.12-7.40 (m, 10H); 8.65-8.75 OH
(br,1H).
13C NMR (50 MHz, CDCl3) δ 21.3, 21.5, 51.6, 77.2, 117.3, 122.2, 124.0, 126.7, 127.0, 128.3,
128.5, 128.7, 129.1, 138.4, 139.4, 141.6, 142.5, 155.8.
 (1R*,2R*)-2-(3,5-Dimethylphenoxy)-1,2-diphenylethanol.
The first eluting fractions of the above described column
chromatography (RF= 0.23 in hexanes/AcOEt 9:1) afforded pure
(1R*,2R*)-2-(3,5-dimethylphenoxy)-1,2-diphenyl-1-ethanol as a
white solid (120.8mg, 38%). M.p= 91- 94°C.
1H NMR (200 MHz, CDCl3) δ 2.19 (s, 6H); 3.34-3.43 OH (br, 1H); 4.87 (d, 1h, J= 7.8 Hz);
5.07 (d, 1H, J= 7.8 Hz); 6.41-6.59 (m, 3H); 6.97-7.27 (m, 10H).
13C NMR (50 MHz, CDCl3) δ 22.1, 79.4, 86.0, 114.5, 123.9, 127.9, 128.1, 128.6, 128.8,
138.0, 139.3, 139.8, 158.3.
(2S*,3R*)-3-(2-Hydroxy-4,6-dimethoxy)-3-phenylpropane-1,2-diol
(3.34) (Entry 3, Table 3.2)
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of trans-2,3-epoxy-3-phenylpropanol
(150 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at
–78°C. Column chromatography eluting with CH2Cl2/AcOEt 7:3 afforded pure 3.34 (258.4
mg, 85%), as a white solid. M.p= 107- 109°C.
1H NMR (250 MHz, MeOD) δ 3.37 (d, 1H, J= 7.7 Hz); 3.51-3.58 (m, 1H); 3.62 (s, 3H); 3.64
(s, 3H); 4.53 (d, 1H, J= 9.5 Hz); 4.81-4.97 (m, 1H); 5.97 (s,1H); 6.02 (s,1H); 7.01-7.08 (m,
1H); 7.16 (t, 2H, J= 7..5 Hz); 7.47 (d, 2H, J= 7.5 Hz).
13C NMR (62.5 MHz, MeOD) δ 45.3, 55.5, 55.6, 66.6, 73.7, 91.5, 95.0, 111.4, 126.4, 128.5,
130.1, 144.4, 157.4, 160.3, 161.0.
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2-((1S*,2S*)-2-Hydroxy-3-methoxy-1-phenylpropyl)-3,5-dimethoxy
phenol (Syn-3.35) (Entry 4, Table 3.2)
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of  trans-2-(methoxymethyl)-3-
phenyloxirane (164 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for
18 hours at –78°C. The mixture was purified by column chromatography eluting with
hexanes/AcOEt 7:3 to give compound syn-3.35 (contaminated with 9% of O-Alk product)
(165.4 mg, 52%), as a white solid.
1H NMR (250 MHz, CDCl3) δ 3.15-3.27 (m, 4H); 3.46 (dd, 1H, J1= 9.7 Hz, J2= 2.5 Hz); 3.70
(s, 3H); 3.77 (s, 3H); 4.24 CHOH (br, s, 1H); 4.71-4.80 (m, 1H); 4.88 (d, 1H, J= 2.7 Hz); 6.07
(d, 1H, J= 2.2 Hz); 6.17 (d, 1H, J= 2.2 Hz); 7.11-7.40 (m, 5H); 9.40 ArOH (br, s, 1H).
13C NMR (62.5 MHz, CDCl3) δ 40.8, 55.1, 55.8, 58.9, 72.9, 75.4, 90.9, 95.0, 106.4, 126.1,
127.8, 128.2, 140.4, 157.2, 159.1, 160.2.
Representative signals of O-Alk product:
1H NMR (250 MHz, CDCl3) δ 3.93-4.08 (m, 1H); 5.21 (d, 1H, J= 6.75 Hz)
13C NMR (62.5 MHz, CDCl3) δ 59.1 CH2OCH3, 74.4 CHOH, 80.6 CHOAr.
2-((1S*,2R*)-2-Hydroxy-3-methoxy-1-phenylpropyl)-3,5-dimethoxy
phenol (anti-3.35) (Entry 4, Table 3.2).
The first eluting fractions of the above described column
chromatography afforded pure 2-((1S*,2R*)-2-hydroxy-3-methoxy-1-
phenylpropyl)-3,5-dimethoxyphenol (anti-3.35) (contamined with 6%
of O-Alk product) (yield=14%) as a oil.
1H NMR (250 MHz, CDCl3) δ 3.28-3.45 (m, 4H); 3.51 (dd, 1H, J1= 9.75 Hz, J2= 3.75 Hz);
4.50-4.60 (m, 1H); 4.64 (d, 1H, J= 4.0 Hz); 5.97 (d, 1H, J= 2.25 Hz); 6.11 (d, 1H, J= 2.25
Hz); 7.08-7.41 (m, 5H); 9.09 ArOH (br, s, 1H).
13C NMR (62.5 MHz, CDCl3) δ 42.5, 55.1, 56.6, 58.9, 71.7, 75.2, 91.2, 94.8, 110.2, 126.3,
127.7, 129.5, 156.4, 158.6, 159.8.
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2-((1S*,2R*)-2-Hydroxy-1-phenylcyclohexyl)-3,5-dimethoxyphenol
(3.36) (Entry 5, Table 3.2).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of 1-phenyl-1-cyclohexene oxide (174 mg, 1.0 mmol) in
CH2Cl2 (0.5 mL). The mixture was allowed to react for 4.5 hours at –78°C. Column
chromatography eluting with hexanes/AcOEt 8:2 afforded pure 3.36 (196.8 mg, 60%), as a
white solid. M.p= 140- 142°C.
1H NMR (250 MHz, CDCl3) δ 0.98-2.00 (m, 7H); 2.12-2.28 (m, 1H); 2.96 CHOH (br, s,1H);
3.12-3.22 (m, 1H); 3.28 (s, 3H); 3.67-3.75 (m, 1H); 3.76 (s, 3H); 5.98 (s,1H); 6.16 (s,1H);
7.12- 7.28 (m, 5H); 10.19 ArOH (br, s, 1H).
13C NMR (62.5 MHz, CDCl3) δ 22.7, 26.0, 29.8, 34.2, 54.9, 55.0, 55.3, 81.2, 93.5, 95.6,
110.0, 126.1, 126.4, 128.4, 147.2, 157.7, 159.7, 160.6.
Anal. Calcd. For C20H24O4: C, 73.15%; H, 7.37%. Found: C, 73.21%; H, 7.33%.
 (2S*,3S*)-Methyl 2-hydroxy-3-(2-hydroxy-4,6-dimethoxyphenyl)-
3-phenylpropanoate (3.39) (Entry 1, Table 3.3).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of cis-methyl-2,3-epoxy-3-phenyl-
propanoate (178 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18
hours at –78°C. The mixture, containing 12% of O-Alkylation product, was purified by
column chromatography eluting with hexanes/AcOEt 7:3 to give compound 3.39 (containing
13% of trans-stereoisomer) (172.6mg, 52%).
1H NMR (250 MHz, CDCl3) δ 3.63 (s, 3H); 3.71 (s, 3H); 3.73 (s, 3H); 5.18 (d, 1H, J= 3.3
Hz); 5.35 (d, 1H, J= 3.3 Hz); 6.06 (d, 1H, J= 2.2 Hz); 6.14 (d, 1H, J= 2.2 Hz); 7.13-7.33 (m,
5H).
13C NMR (62.5 MHz, CDCl3) δ 41.8, 52.6, 55.0, 55.8, 73.2, 91.1, 95.2, 106.0, 126.3,
127.4,128.2,139.6,157.5,158.9,160.6,173.8.
Representative signals of 2R*,3S* -stereoisomer (anti-3.39):
1H NMR (250 MHz, CDCl3) δ CH-Ar 4.76 (d, 1H, J= 2.3 Hz); 5.28 CH-OH (d, 1H, J= 2.2
Hz).   
13C NMR (62.5 MHz, CDCl3) δ 43.2 CH-Ar, 52.9 COOCH3, 73.8 CH-OH.
Ph
OH
HO
OMe
MeO
COOMe
HO
OMe
OMe
OH
135
2-((1S*,2S*)-3-(Ethoxymethoxy)-2-hydroxy-1-phenyl
propyl)-3,5-dimethoxyphenol (3.40) (Entry 2, Table 3.3).
Using the general procedure described above, a solution of tris
(3,5-dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in
CH2Cl2 (1.0 mL) was added at –78°C to a solution of cis-2-
((ethoxymethoxy)methyl)-3-phenyloxirane (208 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The
mixture was allowed to react for 18 hours at –78°C. Column chromatography eluting with
hexanes/AcOEt 7:3 afforded pure 3.40 (253.4 mg, 70%), as a oil. RF= 0.16 (hexanes/AcOEt
7:3).
1H NMR (250 MHZ, CDCl3) δ 1.20 (t, 3H, J= 7.1 Hz); 3.32 (dd, 1H, J1= 11.5 Hz, J2= 9.3 Hz)
3.50-3.73 (m, 3H); 3.71 (s, 3H); 3.76 (s, 3H); 3.83 (dd, 1H, J1= 11.2 Hz, J2= 2.4 Hz); 4.54-
4.80 (m, 3H); 4.91 (d, 1H, J= 3.1 Hz); 6.07 (d, 1H, J= 2.4 Hz); 6.15 (d, 1H, J= 2.4 Hz); 7.11-
7.39 (m, 5H); 9.42 ArOH (br, s, 1H).
13C NMR (62.5 MHz, CDCl3) δ 15.0, 40.8, 55.1, 55.8, 63.8, 73.4, 73.5, 91.0, 95.2, 96.1,
106.5, 126.2, 127.8, 128.3, 140.6, 157.3, 159.2, 160.4.
Anal. Calcd. For C20H26O6: C, 66.28%; H, 7.23%. Found: C, 66.30%; H, 7.23%.
 (1S*,2R*)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-1,2,3,4-tetra
hydronaphtalen-2-ol (3.41) (Entry 3, Table 3.2).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –80°C to a solution of dihydronaphtalene oxide (146 mg, 1.0
mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at –78°C. Column
chromatography eluting with hexanes/AcOEt 6:4 afforded pure 3.41 (156 mg, 52%), as a
solid. M.p= 150- 152 °C.
1H NMR (250 MHz, CDCl3) δ 1.75-1.92 (m,1H); 2.16-2.26 (m, 1H); 2.84-3.08 (m, 2H); 3.60
(br, s, 3H); 3.72 (s, 3H); 4.19 (ddd, 1H, J1=11.0 Hz, J2= 9.0 Hz, J3= 3.5 Hz); 4.47 (d, 1H, J=
9.0 Hz); 6.03 (d, 1H, J= 2.3 Hz); 6.10 (d,1H, J= 2.3 Hz); 6.85 (d, 1H, J= 7.2 Hz); 6.93-7.10
(m, 3H).
13C NMR (62.5 MHz, CDCl3) δ  28.6, 31.6, 44.0, 55.2, 55.7, 71.9, 92.0, 94.9, 126.3,
127.8,128.4,136.0,157.1, 159.8, 160.1.
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(2S*, 3S*)-Methyl 2-hydroxy-3-(2-hydroxy-4,6-dimethoxyphenyl)-
3-phenylpropanoate (3.39) (Entry 3, Table 3.4).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of trans-methyl-2,3-epoxy-3-phenyl-
propanoate (178 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18
hours at –78°C. The mixture, containing 28% of O-Alkylation product, was purified by
column chromatography eluting with hexanes/AcOEt 7:3 to give compound 3.39 (containing
40% of 2R*,3S*-stereoisomer) (182.6 mg, 55%).
For 1H NMR and 13C NMR data see Table 3.3, entry 1.
 (2S*, 3S*)-Methyl 3-(4-fluorophenyl)-2-hydroxy-3-(2-hydroxy-
4,6-dimethoxyphenyl)propanoate (3.42) (Entry 4, Table 3.4).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0
mL) was added at –40°C to a solution of trans-methyl-2,3-epoxy-3-
(4-fluorophenyl)propanoate (196 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was
allowed to react for 18 hours at -40°C. Column chromatography eluting with hexanes/AcOEt
7:3 afforded pure 3.42 (189 mg, 54%), as a solid.
1H NMR (200 MHz, CDCl3) δ 3.68 (s, 3H); 3.72, (s, 3H); 3.75 (s, 3H); 4.21-4.34 OH (br,
1H); 5.08-5.18 (m, 1H); 5.25-5.35 (m, 1H); 6.05 (s, 2H); 7.94-7.40 (m, 4H); 8.30 OH (br. s,
1H).
13C NMR (50 MHz, CDCl3) δ 41.2, 52.7, 55.1, 55.8, 73.3, 91.2, 95.2, 114.8, 115.3, 127.0,
129.1, 157.4, 159.8, 160.7, 163.8, 173.7.
(2S*, 3S*)-Methyl 2-hydroxy-3-(2-hydroxy-4,6-dimethoxyphenyl)-
3-(2-methylphenyl)propanoate (3.43) (Entry 5, Table 3.4).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of trans-methyl-3-(2-methylphenyl)-
2,3-epoxypropanoate (192 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to
react for 18 hours at –78°C. The mixture, containing 30 % of O-Alkylation product, was
purified by column chromatography eluting with hexanes/AcOEt 7:3 to give compound 3.43
(179.9 mg, 52%) as a white solid.  M.p= 153- 155°C. RF= 0.16 (hexanes/AcOEt 7:3).
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1H NMR (250 MHz, CDCl3) δ 2.02 (s, 3H); 3.67 (s, 3H); 3.73 (s, 3H); 3.74 (s, 3H) 4.97-5.04
(m, 1H); 5.15 (d, 1H, J= 2.0 Hz); 5.99 (s, 2H); 7.05-7.24 (m, 3H); 7.69-7.72 (m, 1H).
13C NMR (62.5 MHz, CDCl3) δ 19.2, 41.0, 52.6, 55.0, 55.6, 73.2, 90.9, 95.2, 104.9, 125.9,
126.7, 127.2, 130.9, 136.6, 139.3, 157.6, 158.7, 160.4, 173.8.
 (2S*, 3S*)- Methyl 3-(2-methylphenyl)-3-(2-hydroxy-5-methyl
phenyl)-2-hydroxy-propanoate (3.58) (Entry 1, Table 3.7).
Using the typical procedure described above, a solution of tris (p-
methylphenyl) borate (3f) (498.3 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at rt to a solution of methyl 3-(2-methylphenyl)-2,3-epoxy-propanoate (168 mg,
1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 4 hours. The product
was isolated by column chromatography (Yield= 38%) eluting hexanes/AcOEt 8:2, as a white
solid.  M.p= 142- 144°C. RF= 0.24 (hexanes/AcOEt 6:4).
1H NMR (200 MHz, MeOD) δ 2.19 (s, 3H); 2.28 (s, 3H); 3.57 (s, 3H); 4.82 (d, 1H, J=  6.0
Hz); 5.01 (d, 1H, J=  6.0 Hz); 6.58- 6.67 (m, 1H); 6.75- 6.86 (m, 1H); 6.87- 6.96 (m, 1H);
6.98- 7.18 (m, 3H); 7.47- 7.59 (m, 1H).
13C NMR (50 MHz, MeOD) δ 18.75, 19.79, 44.54, 52.42, 74.25, 115.61, 126.64, 126.87,
127.33, 128.92, 129.05, 129.18, 131.23, 131.72, 137.67, 141.58, 154.34, 175.86.
Anal. Calcd. For C18H20O4: C, 71.98%; H, 6.71%. Found: C, 71.93%; H, 6.61%.
The first eluting fractions of the above described column
chromatography (RF= 0.4 in hexanes/AcOEt 6:4) afforded (2S*,3R*)
-Methyl-3-(2-methylphenyl)-3-(4-methylphenoxy)-2-hydroxy-
propanoate (containing 5% of the anti stereoisomer), as a white
solid (yield= 30 %). M.p= 74- 77°C.
1H NMR (200 MHz, CDCl3) δ 2.13 (s, 3H); 2.38 (s, 3H); 3.08 OH (d, 1H, J= 8.0 Hz); 3.69 (s,
3H); 4.34 (dd, 1H, J1= 8.0 Hz, J2= 2.2 Hz); 5.59 (d, 1H, J= 2.2 Hz); 6.55 (d, 2H, J= 8.6 Hz);
6.88 (d, 2H, J= 8.6 Hz); 7.06- 7.15 (m, 3H); 7.33- 7.38 (m, 1H).
13C NMR (50 MHz, CDCl3) δ 19.75, 21.09, 53.48, 73.60, 78.13, 116.16, 126.90, 128.13,
128.67, 130.47, 131.20, 131.32, 134.49, 135.36, 155.87, 173.09.
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 (1R*,2S*)-2-(2-hydroxy-5-methylphenyl)-1,2-diphenyl-1-ethanol
(3.60) (Entry 2, Table 3.7).
Using the typical procedure described above, a solution of tris (p-
methylphenyl) borate (3f) (498.3 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at rt to a solution of trans-stilbene oxide (196.3 mg, 1.0 mmol) in CH2Cl2 (0.5 mL).
The mixture was allowed to react for 24 hours. The product was isolated by column
chromatography (Yield= 30%) eluting hexanes/AcOEt 7:3, as a white solid. M.p= 157-
160°C. RF= 0.20 (hexanes/AcOEt 8:2).
1H NMR (MeOD) δ 2.25 (s, 3H); 4.61 (d, 1H, J= 9.13 Hz); 5.45 (d, 1H, J= 9.13 Hz); 6.63-
6.71 (m, 1H); 6.81- 6.89 (m, 1H); 6.93- 7.30 (m, 11H).
13C NMR (MeOD) δ 20.91, 54.95, 77.47, 116.59, 126.73, 128.01, 128.09, 128.69, 129.33,
129.41, 130.11, 131.06, 143.27, 144.95, 154.27.
Anal. Calcd. For C21H20O2: C, 82.86%; H, 6.62%. Found: C, 82.76%; H, 6.60%.
The first eluting fractions of the above described column
chromatography (RF= 0.36 in hexanes/AcOEt 8:2) afforded pure (1R*,
2R*)-2-(4-methylphenoxy)-1,2-diphenyl-1-ethanol, as a white solid
(yield= 40%). M.p= 57- 60°C.
 1H NMR (CDCl3) δ 2.18 (s, 3H); 3.37 OH (br, 1H); 4.84 (d, 1H, J= 7.8 Hz); 5.01 (d, 1H, J=
7.8 Hz); 6.62- 6.75 (m, 2H); 6.82- 7.21 (m, 12H).
13C NMR (CDCl3) δ 21.15, 79.38, 86.32, 116.63, 126.19, 126.80, 127.90, 128.12, 128.50,
128.65, 130.52, 130.75, 137.91, 139.27, 156.07.
2-(2-Hydroxy-1-(4-methylphenyl)-ethyl)-3,5-dimethyl phenol (3.64)
(Entry 5, Table 3.7).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (3h) (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C under argon to a solution of p-methylphenyl oxirane
(134.1 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 1.5 hours at
–78°C. The mixture (containing 13% of O-Alkylation product) was purified by column
chromatography eluting with hexanes/AcOEt 8:2 to give compound 3.64 (143.4 mg, 56%), as
a liquid. Rf= 0.15 (hexanes/AcOEt 8:2).
OH
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1H NMR (250 MHz, CDCl3) δ 2.25 (s, 3H); 2.31 (s, 3H); 2.36 (s, 3H); 2.96-3.10 CHOH (br,
1H); 4.17-4.28 (m, 1H); 4.37-4.55 (m, 2H); 6.62-6.70 (m, 2H); 7.09-7.32 (m, 4H); 8.36-8.48
ArOH  (m, 1H).
1-((1S)-2-Hydroxy-1-phenylethyl)naphtalen-2-ol (3.66) (Entry 6, Table
3.7).
Using the general procedure described above, a solution of tris (β-naphtyl)
borate (3j) (660 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was added at –78°C
under argon to a solution of (R)-(+)-styrene oxide (120.1 mg, 1.0 mmol) in CH2Cl2 (0.5 mL).
The mixture was allowed to react for 1.5 hours –78°C. The mixture (containing 17 % of O-
alkylation product) was purified by column chromatography eluting with hexanes/AcOEt 8:2
to give compound 3.66 (179.5 mg, 68 %) (containing 22% of (R)-stereoisomer) as a white
solid. M.p= 112- 114°C. Rf= 0.26 (hexanes/AcOEt 7:3).
1H NMR (250 MHz, CDCl3) δ 2.75-3.20 OH (br, 1H); 4.32 (m, 1H); 4.47 (dd, 1H, J1= 11.4
Hz, J2= 4.9 Hz); 5.05-5.20 (m, 1H); 7.12-7.50 (m, 8H); 7.68-7.90 (m, 3H); 9.00-9.35 ArOH
(br, 1H).
13C NMR (62.5 MHz, CDCl3) δ 45.8, 65.4, 117.5, 120.3, 122.3, 122.8, 126.7, 126.9, 128.2,
128.8, 129.0, 129.3, 129.5, 133.7, 139.8, 153.4.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 27.3 (R, minor stereoisomer),
39.6 (S, major stereoisomer).
2-(Naphtalen-2-yloxy)-2-phenylethanol.
The first eluting fractions of the above described column
chromatography (Rf= 0.35 in hexanes/AcOEt 7:3) afforded pure 2-
naphtoxy-2-phenyl-ethanol as a semisolid. (15.8mg, 6.6%).
1H NMR (250 MHz, CDCl3) δ 2.68- 2.88 OH (br, 1H); 3.80-4.06 (m,
2H); 5.41 (dd, 1H, J1= 8.0 Hz, J2= 3.7 Hz); 7.01-7.50 (m, 10H); 7.56 (d, 1H, J=7.9 Hz); 7.62-
7.80 (m, 2H).
OH
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Ring-opening of vinyl epoxides.
Typical procedure. Under argon atmosphere, a solution of aryl borate (1.5 mmol) in CH2Cl2
(1.0 mL) was added at –78° C to a stirred solution of vinyloxirane (1.0 mmol) in CH2Cl2 (0.5
mL). The mixture was allowed to react at –78°C and then quenched with brine (2.0 mL) and
diluted with Et2O or CH2Cl2 (20 mL). Evaporation of the dried (MgSO4) organic solution
afforded a crude reaction mixture which was purified by silica gel column chromatography to
give pure coumpouds.
2-((1S,6R)-6-hydroxycyclohex-2-enyl)-3,5-dimethylphenol (3.45)
(Scheme 3.22)
Using the typical procedure described above, a solution of tris (3,5-
dimethylphenyl) borate 3h (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was added at –78°C
under argon to a solution of 1,3-cyclohexadiene monoepoxide (96.0 mg, 1.0 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 1 hour. The product was isolated (Yield=
40%) by column chromatography eluting with hexanes/AcOEt 7:3, as a white solid. M.p=
119- 122°C. Rf=0.20 (hexanes/EtOAc, 7:3).
1H NMR (200 MHz, MeOD) δ 1.56-1.86 (m, 2H), 1.93-2.12 (m, 2H), 2.17 (s, 3H), 2.27 (s,
3H), 3.62- 3.89 (m, 1H), 4.12-4.33 (m, 1H), 5.45 (d, 1H, J= 9.8 Hz), 5.56-5.71 (m, 1H), 6.46
(s, 2H).
13C NMR (50 MHz, MeOD) δ 21.0, 21.2, 26.4, 33.4, 45.3, 71.1, 115.3, 124.2, 125.4, 126.0,
131.7, 137.6, 139.5, 157.1.
The first eluting fractions of the above described column chromatography
afforded pure (1R,2R)-2-(3,5-dimethylphenoxy)cyclohex-3-enol (3.46)
as a oil. (yield 14%).
1H NMR (200 MHz, CDCl3) δ 1.61- 1.88 (m, 2H); 1.98- 2.15 (m, 2H); 2.29 (s, 6H); 3.88-
4.06 (m, 1H); 4.63- 4.75 (m, 1H); 5.69 (d, 1H, J= 10.3 Hz); 5.79- 5.89 (m, 1H); 6.54- 6.66
(m, 3H).
13C NMR (50 MHz, MeOD) δ 21.4,, 24.5, 27.7, 70.6, 78.7, 113.5, 122.9, 124.4, 130.3, 139.4,
157.8.
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2-((1S,6R)-6-hydroxycyclohex-2-enyl)-3,5-dimethoxyphenol (3.48)
(Entry 1, Table 3.5).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of 1,3-cyclohexadiene monoepoxide (96.0 mg, 1.0 mmol) in
CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at –78°C. The product was
isolated (Yield= 65%) by column chromatography eluting with hexanes/AcOEt 7:3, as a
yellow oil. Rf=0.36 (hexanes/EtOAc 1:1).
1H NMR (250 MHz, CDCl3): δ 1.70-1.90 (m, 1H), 2.05-2.18 (m 1H), 2.30-2.43 (m, 2H), 2.50-
2.67 (br, 1H, CHOH), 3.82 (s, 3H), 3.83 (s, 3H), 3.95-4.10 (m, 2H), 5.67-5.83 (m, 2H), 5.93-
6.05 (m, 1H), 6.10-6.25 (m, 2H), 6.50-6.70 (br, 1H, ArOH).
13C NMR (62.5 MHz, CDCl3): δ 24.6, 30.7, 40.6, 55.1, 55.6, 71.2, 91.5, 94.5, 106.1, 107.7,
128.8, 156.9, 159.2, 159.9.
(1R,2S)-2-(2-hydroxy-4,6-dimethoxyphenyl)cyclohept-3-enol (3.49)
(Entry 2, Table 3.5).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL)
was added at –78°C to a solution of 1,3-cycloheptadiene monoepoxide (110.0 mg, 1.0 mmol)
in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at –78°C. The product
(oobtained as inseparable mixture with 7% of ( 1R, 2S stereoisomer) was isolated (Yield=
58%) by column chromatography eluting with hexanes/AcOEt 7:3, as a yellow oil. Rf=0.16
(hexanes/EtOAc 7:3).
1H NMR (200 MHz, CDCl3): δ 1.40- 2.42 (m, 6H), 3.70 (s, 3H), 3.74 (s, 3H), 3.93-4.17 (m,
2H), 5.50-5.61 (m, 1H), 5.77-5.95 (m, 1H), 6.01 (d, 1H, J=2.3 Hz), (6.06 d, 1H, J= 2.3 Hz),
6.94-7.03 (br, 1H, ArOH).
13C NMR (50 MHz, CDCl3): δ 24.7, 27.8, 39.8, 43.3, 55.1, 55.6, 71.1, 91.2, 94.4, 109.0,
132.1, 133.0, 156.3, 159.5, 159.7.
2-(1-hydroxybut-3-en-2-yl)-3,5-dimethylphenol (3.51) (Entry 1, Table 3.6).
Using the typical procedure described above, a solution of tris (3,5-
dimethylphenyl) borate 3h (560.7 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
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added at –78°C under argon to a solution of butadiene monoepoxide (70.0 mg, 1.0 mmol) in
CH2Cl2 (0.5 mL). The mixture was allowed to react for 2 hours. The product was isolated
(Yield= 54%) by column chromatography eluting with hexanes/AcOEt 7:3, as a colorless oil.
Rf=0.31 (hexanes/EtOAc, 6:4).
1H NMR (200 MHz, CDCl3): δ 2.24 (s, 3H), 2.28 (s, 3H), 3.63 (br, s,1H), 3.81-4.19 (m, 3H),
5.04-5.24 (m, 2H), 6.22 (ddd, 1H, J1= 16.6 Hz, J2= 10.4 Hz, J3= 5.3Hz), 6.58 (s, 1H), 6.60 (s,
1H), 8.26 (br, s, 1H).
13C NMR (50 MHz, CDCl3): δ 20.7, 44.8, 65.1, 116.1, 116.5, 122.4, 123.6, 136.0, 137.6,
154.7.
2-(1-hydroxybut-3-en-2-yl)-3,5-dimethoxyphenol (3.52) (Entry 2, Table
3.6).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was
added at –78°C to a solution of butadiene monoepoxide (70.0 mg, 1.0 mmol) in CH2Cl2 (0.5
mL). The mixture was allowed to react for 18 hours at –78°C. The product was isolated
(Yield= 75%) by column chromatography eluting with hexanes/AcOEt 7:3, as a colorless oil.
Rf=0.13 (hexanes/EtOAc 8:2).
1H NMR (200 MHz, CDCl3): δ 3.73 (s, 6H), 3.89 (dd, 1H, J1=10.2 Hz, J1=3.2 Hz), 4.02-4.15
(m, 1H), 4.16-4.28 (m, 1H), 5.00-5.19 (m, 2H). 6.03-6.12 (m, 2H), 6.13-6.23 (m, 1H).
13C NMR (500 MHz, CDCl3): δ 40.0, 54.5, 55.7, 65.7, 91.2, 94.7, 108.0, 116.1, 136.7, 156.6,
158.6, 159.8.
(E)-3,5-dimethoxy-2-(6-methylnon-4-en-3-yl)phenol (3.54)
(Entry 4, Table 3.6).
Using the general procedure described above, a solution of
tris (3,5-dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was added at
–78°C to a solution of (Z)-2-(but-1-enyl)-3-propyloxirane (140.0 mg, 1.0 mmol) in CH2Cl2
(0.5 mL). The mixture was allowed to react for 2 hours at –78°C. The product was isolated
(Yield= 65%) by column chromatography eluting with hexanes/AcOEt 7:3, as a colorless oil.
Rf=0.27 (hexanes/EtOAc 7:3).
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1H NMR (250 MHz, CDCl3): δ 0.79 (t, 3H), 0.86 (t, 3H, J = 7.1 Hz), 1.19-1.52 (m, 4H), 1.62-
1.82 (m, 2H), 2.20 (br, s, 1H, CHOH), 3.69 (s, 3H), 3.71 (s, 3H), 3.74-3.89 (m, 1H), 4.06-4.13
(m, 1H); 5.55 (dd, 1H, J1= 16.3 Hz, J2= 6.7 Hz), 5.98-6.18 (m, 3H).
13C NMR (62.5 MHz, CDCl3): δ 12.3, 13.9, 18.61, 25.49, 38.27, 39.31, 55.1, 55.6, 72.7, 91.4,
94.4, 110.2, 132.6, 134.4, 158.8, 159.1.
(4S,5S,E)-ethyl-5-hydroxy-4-(2-hydroxy-4,6-dimethylphenyl)
oct-2-enoate (3.55) (Entry 5, Table 3.6).
Using the general procedure described above, a solution of tris
(3,5-dimethoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0 mL) was added at
–78°C to a solution of (E)-ethyl 3-(3-propyloxiran-2-yl)acrylate (184.1 mg, 1.0 mmol) in
CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at –30°C. The product was
isolated (Yield= 65%) by column chromatography eluting with hexanes/AcOEt 7:3, as a
colorless oil. Rf=0.19 (hexanes/EtOAc 7:3).
1H NMR (200 MHz, CDCl3): δ 0. 93 (t, 3H, J=7.1 Hz), 1.25 (t, 3H, J=5.7 Hz), 1.33-1.74 (m,
4H), 3.52 (br, s, 1H, CHOH), 3.74 (s, 6H), 3.95-4.30 (m, 4H), 5.78 (d, 1H, J= 15.8), 6.04 (s,
1H), 6.11 (s, 1H), 7.38 (dd, 1H, J1=15.8 Hz, J2=7.2 Hz), 9.22 (br, s, 1H). 13C NMR (50 MHz,
CDCl3): δ 13.7, 14.1, 19.0, 38.1, 42.3, 55.1, 55.7, 60.3, 75.4, 91.0, 94.8, 108.0, 123.1, 145.2,
156.8, 158.2, 160.1, 167.0.
Synthesis of 2,3-dihydrobenzofuranes.
General procedure for the Mitsunobu-type cyclodehydration: To a stirred solution of
hydroxyphenol (0.5 mmol) in anhydrous THF (2.0 mL) were added at rt triphenylphosphine
(262.3 mg, 1.0 mmol) and diethylazodicarboxylate (130.5 mg, 0.75 mmol) under argon. The
reaction was followed by TLC up to complete consumption of the starting hydroxyphenol and
the solvent was evacuated under a vacuum. The crude reaction mixture was purified by silica
gel column chromatography to give the pure compounds.
EtOOC
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(2R*,3S*)-Methyl 5-methyl-3-(2-methylphenyl)-2,3-dihydro
benzofuran-2-carboxylate (3.59) (Entry 1, Table 3.7)
Following the procedure described above, to a solution of 3.58 (60.0
mg, 0.2 mmol) in anhydrous THF (0.8 mL) were added
triphenylphosphine (104.9 mg, 0.4 mmol) and diethylazodicarboxylate (52.2 mg, 0.3 mmol).
The mixture was allowed to react for 4 hours at rt. Column chromatography eluting with
hexanes/Et2O 9:1 afforded pure 3.59 (35.0 mg, 62%), as a solid. M.p= 105- 107 °C.
1H NMR (250 MHz, CDCl3) δ 2.26 (s, 3H); 2.48 (s, 3H); 3.19 (s, 3H); 5.25 (d, 1H, J=10.2
Hz); 5.50 (d, 1H, J=10.2 Hz); 6.81-6.96 (m, 3H); 6.99-7.22 (m, 4H).
13C NMR (62.5 MHz, CDCl3) δ 19.3, 20.8, 47.3, 51.4, 83.7, 109.6, 125.8, 126.1, 127.4, 128.4,
129.3, 129.8, 131.0, 137.0, 174.1.
Anal. Calcd. For C18H18O3: C, 76.57%; H, 6.43%. Found: C, 76.49%; H, 6.29%.
 (2R*,3S*)-5-Methyl-2,3-diphenyl-2,3-dihydrobenzofuran (3.61)
(Entry 2, Table 3.7)
Following the procedure described above, to a solution of 3.60 (45.6
mg, 0.15 mmol) in anhydrous THF (0.6 mL) were added
triphenylphosphine (78.8 mg, 0.3 mmol) and diethylazodicarboxylate (39.1 mg, 0.225 mmol).
The mixture was allowed to react for 5 hours at rt. Column chromatography eluting with
hexanes/Et2O 8:2 afforded pure 3.61 (27.9 mg, 65%), as a solid. M.p= 70- 73°C.
1H NMR (250 MHz, CDCl3) δ 2.28 (s, 3H); 4.82 (d, 1H, J= 8.9 Hz); 6.00 (d, 1H, J= 8.9 Hz);
6.66- 6.73 (m, 2H); 6.91-7.09 (m, 10H); 7.26 (s, 1H).
13C NMR (62.5 MHz, CDCl3) δ 20.8, 54.0, 88.7, 109.3, 126.5, 127.2, 127.6, 127.7, 129.2,
130.5, 130.7, 137.6, 139.2.
4,6-Dimethoxy-3-phenyl-2,3-dihydrobenzofuran (3.62) (Entry 3,
Table 3.7).
Following the procedure described above, to a solution of 3.31i (115.1
mg, 0.42 mmol) in anhydrous THF (1.7 mL) were added
triphenylphosphine (220.3 mg, 0.84 mmol) and diethylazodicarboxylate (109.6 mg, 0.63
mmol). The mixture was allowed to react for 2 hours at rt. Column chromatography eluting
with hexanes/Et2O 9:1 afforded pure 3.62 (102.1 mg, 95%), as a solid. M.p= 103- 105°C.
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1H NMR (250 MHz, CDCl3) δ 3.65 (s, 3H); 3.82 (s, 3H); 4.49 (dd, 1H, J1= 8.3 Hz, J2= 4.2
Hz); 4.61 (dd, 1H, J1= 8.9 Hz, J2= 4.2 Hz); 4.89 (t, 1H, J1= 8.7 Hz); 6.05 (d, 1H, J= 1.8 Hz);
6.19 (d, 1H, J= 1.8 Hz); 7.15-7.38 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 45.7, 55.2, 55.4, 80.3, 88.3, 91.5, 109.4, 126.5, 127.0, 128.4,
143.5, 157.0, 162.1,162.1.
 (3S)-4,6-dimethyl-3-phenyl-2,3-dihydrobenzofuran (3.63) (Entry 4,
Table 3.7).
Following the procedure described above, to a solution of (3.31h) (121mg,
0.5 mmol) in anhydrous THF (2.0 mL) were added triphenylphosphine
(262.3mg, 1.0 mmol) and diethylazodicarboxylate (130.6 mg, 0.75 mmol). The mixture was
allowed to react for 2 hours at rt. The product (containing 7.5 % of (R)-stereoisomer) was
isolated (105.3 mg, 94%) by column chromatography eluting with hexanes/Et2O 9:1, as
semisolid.
1H NMR (250 MHz, CDCl3) δ 1.96 (s, 3H); 2.34 (s, 3H); 4.46 (dd, 1H, J1= 8.3 Hz, J2= 4.9
Hz); 4.56 (dd, 1H, J1= 8.8 Hz, J2= 4.9 Hz); 4.90 (t, 1H, J= 8.6 Hz); 6.53 (br, s, 1H); 6.62 (br,
s, 1H);  7.14-7.39 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 18.5, 21.5, 47.7, 79.7, 107.8, 123.1, 126.0, 126.7, 127.5,
128.7, 135.1, 138.9, 143.3, 160.3.
HPLC analysis performed on a Daicel Chiralpak ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 8.85 (R, minor stereoisomer),
9.50 (S, major stereoisomer).
4,6-Dimethyl-3-(4-methylphenyl)-2,3-dihydrbenzofuran (3.65) (Entry 5,
Table 3.7).
Following the procedure described above, to a solution of 3.64 (61.4 mg,
0.24 mmol) in anhydrous THF (0.96 mL) were added triphenylphosphine
(125.9 mg, 0.48 mmol) and diethylazodicarboxylate (62.6 mg, 0.36 mmol).
The mixture was allowed to react for 2 hours at rt. Column chromatography eluting with
hexanes/Et2O 9:1 afforded pure 3.65 (48.6 mg, 85%), as a oil.
1H NMR (250 MHZ, CDCl3) δ 1.94 (s, 3H); 2.32 (s, 3H); 2.34 (s, 3H); 4.40 (dd, 1H, J1= 8.2
Hz, J2= 5.0 Hz); 4.51 (dd, 1H, J1= 8.9 Hz, J2= 5.0 Hz); 4.85 (t, 1H, J= 8.5 Hz); 6.51 (br, s,
1H); 6.59 (br, s, 1H); 7.00-7.15 (m, 4H).
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13C NMR (62.5 MHz, CDCl3) δ 19.2, 21.7, 22.1, 47.9, 80.4, 106.8, 108.4, 110.8, 123.7, 126.7,
128.1, 130.0, 135.8, 136.9, 139.5, 141.0, 161.0.
MS (relative intensity) 238 (M+, 100), 223 (53), 208 (17), 195 (18), 165 (10), 119 (11).
 (3S)-3-phenyl-2,3-dihydronaphtho[2,3,b]furan (3.67) (Entry 6, Table
3.7).
Using the general procedure described above, to a solution of 3.66 (127.7
mg, 0.48 mmol) in anhydrous THF (1.92 mL) were added
triphenylphosphine (251.8 mg, 0.96 mmol) and diethylazodicarboxylate (125.3 mg, 0.72
mmol). The mixture was allowed to react for 3 hours at rt. The product (containing 24 % of
(R)-stereoisomer) was isolated (112.2 mg, 95%) by column chromatography eluting with
hexanes/AcOEt 8:2, as a solid. M.p= 89-90°C.
1H NMR (250 MHz, CDCl3) δ 4.60 (dd, 1H, J1=7.8 Hz, J2= 4.4 Hz); 5.01- 5.26 (m, 2H); 7.18-
7.45 (m, 9H); 7.72-7.90 (m, 2H).
13C NMR (62.5 MHz, CDCl3) δ 48.2, 80.3, 112.1, 121.0, 122.8, 126.6, 126.9, 127.6, 128.7,
128.8, 129.7, 130.0, 130.6, 143.3, 158.2.
 ((2R*,3R*)-4,6-Dimethoxy-3-phenyl-2,3-dihydrobenzofuran -2-
yl)methyl acetate (3.68) (Entry 7, Table 3.7)
Using the general procedure described above, to a solution of 3.34
(100.3 mg, 0.33 mmol) in anhydrous THF (1.32 mL) were added
triphenylphosphine (173.1 mg, 0.66 mmol) and diethylazodicarboxylate (87.0 mg, 0.50
mmol). The mixture was allowed to react for 5 hours at rt and then the solvent was evaporated
under a vacuum. To the crude mixture dissolved in pyridine (2.0 mL) was then added at 0°C
acetic anhyride (673.2 mg, 0.62 mL, 6.6 mmol). The mixture was allowed to react for 24
hours at rt. The mixture was then quenched with aqueous NaHCO3 saturated solution. The
organic phase was then washed with HCl 10% and brine, dried over MgSO4 and filtered.
Column chromatography eluting with hexanes/AcOEt 9:1 afforded pure 3.68 ,as a oil (64.9
mg, 60%).
1H NMR (250 MHz, CDCl3) δ 2.07 (s, 3H); 3.58 (s, 3H); 3.77 (s, 3H); 4.22-4.38 (m, 3H);
4.70-4.78 (m, 1H); 6.00 (d, 1H, J=2.0 Hz); 6.13 (d, 1H, J=2.0 Hz); 7.09-7.15 (m, 2H); 7.20-
7.31 (m, 3H).
13C NMR (62.5 MHz, CDCl3) δ 20.8, 48.6, 55.3, 55.5, 65.1, 88.4, 89.4, 91.9, 108.1, 126.8,
127.2, 128.6, 142.3, 157.2, 161.3, 162.3, 170.2.
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Compound 3.69 (table 2, entry 11).
Using the general procedure described above, to a solution of 3.41
(143.0 mg, 0.48 mmol) in anhydrous THF (1.92 mL) were added
triphenylphosphine (251.8 mg, 0.96 mmol) and
diethylazodicarboxylate (125.3 mg, 0.72 mmol). The mixture was allowed to react for 2 hours
at rt. Column chromatography eluting with hexanes/AcOEt 8:2 afforded pure 3.69 (53.8 mg,
40%), as a oil.
1H NMR (250 MHz, CDCl3) δ 1.72-1.90 (m, 1H); 2.36-2.48 (m, 1H); 2.43- 2.56 (m, 1H);
2.83-3.00 (m, 1H); 3.73 (s, 1H); 3.80 (s, 3H); 4.67 (d, 1H, J= 8.25 Hz); 5.21-5.30 (m, 1H);
5.95 (d, 1H, J=2.0 Hz); 6.03 (d, 1H, J= 2.0 Hz); 7.03-7.28 (m, 3H); 7.68 (d, 1h, J= 7.25 Hz).
13C NMR (62.5 MHz, CDCl3) δ 24.3, 27.9, 42.3, 55.2, 55.5, 83.1, 88.2, 91.4, 110.2, 125.9,
126.0, 128.2, 130.2, 136.2, 137.7, 157.3, 161.6, 161.7.
Anal. Calcd. For C19H20O2: C, 81.40%; H, 7.19%. Found: C, 81.33%; H, 7.21%.
(4aR*,9bR*)-7,9-dimethyl-3,4,4a,9b-tetrahydrodibenzo[b,d]furan
(3.47) (Scheme 3.23).
Following the procedure described above, to a solution of 3.45 (109 mg,
0.5 mmol) in anhydrous THF (2.0 mL) were added triphenylphosphine (262.3mg, 1.0 mmol)
and diethylazodicarboxylate (130.6 mg, 0.75 mmol). The mixture was allowed to react for 2
hours at rt. The product was isolated (83%) by column chromatography eluting with
hexanes/Et2O 9:1, as colorless oil. Rf=0.51 (hexanes/Et2O 9:1).
1H NMR (200 MHz, CDCl3) δ 1.75-2.12 (m, 2H), 2.19-2.30 (m, 2H), 2.27 (s, 3H), 3.77 (br, d,
1H; J= 6.9 Hz), 4.94-5.00 (m, 1H), 5.68-5.95 (m, 2H), 6.48 (s, 1H), 6.50 (s, 1H).
13C NMR (50 MHz, CDCl3) δ 18.3, 19.0, 21.4, 24.9, 40.1, 81.3, 108.0, 122.6, 125.1, 126.9,
127.8, 134.0, 138.2.
4,6-dimethyl-3-vinyl-2,3-dihydrobenzofuran (3.72) (Scheme 3.28)
Following the procedure described above, to a solution of 3.51 (69 mg, 0.36
mmol) in anhydrous THF (1.4 mL) were added triphenylphosphine (188 mg,
0.72 mmol) and diethylazodicarboxylate (94.0 mg, 0.54 mmol). The mixture was allowed to
react for 3 hours at rt. The product was isolated (95%) by column chromatography eluting
with hexanes/Et2O 9:1, as colorless liquid.
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1H NMR (200 MHz, CDCl3) δ 2.23 (s, 3H); 2.30 (s, 3H); 3.98- 4.08 (m, 1H); 4.31 (dd, 1H,
J1= 8.6 Hz, J2= 5.0 Hz); 4.64 (t, 1H, J= 9.0 Hz); 5.05- 5.18 (m, 2H); 5.79- 5.98 (m, 1H); 6.52
(s, 2H).
13C NMR (50 MHz, CDCl3) δ 18.2, 21.4,46.0, 76.6, 107.9, 115.6, 122.9, 124.2, 135.4, 138.3,
138.7, 160.1.
4,6-dimethoxy-3-vinyl-2,3-dihydrobenzofuran (3.73) (Scheme 3.28)
Following the procedure described above, to a solution of 3.52 (112 mg,
0.5 mmol) in anhydrous THF (2.0 mL) were added triphenylphosphine
(262.3 mg, 1.0 mmol) and diethylazodicarboxylate (130.6 mg, 0.75 mmol). The mixture was
allowed to react for 3 hours at rt. The product was isolated (85%) by column chromatography
eluting with hexanes/Et2O 9:1, as liquid.
1H NMR (200 MHz, CDCl3) δ 3.77 (s, 3H); 3.78 (s, 3H); 3.99- 4.10 (m, 1H); 4.33 (dd, 1H,
J1= 8.6 Hz, J2= 5.0 Hz); 4.64 (t, 1H, J= 9.0 Hz); 5.07- 5.21 (m, 2H); 5.83- 6.00 (m, 1H); 6.02
(d, 1H, J= 2.0 Hz); 6.06 (d, 1H, J= 2.0 Hz).
13C NMR (50 MHz, CDCl3) δ 43.9, 55.3, 55.4, 77.2, 88.3, 91.3, 107.9, 114.7, 138.2, 157.3,
161.9, 162.0.
(4aR*,9bR*)-7,9-dimethyl-3,4,4a,9b-tetrahydrodibenzo[b,d]furan
(3.74) (Scheme 3.29).
Following the procedure described above, to a solution of 3.48 (125
mg, 0.5 mmol) in anhydrous THF (2.0 mL) were added triphenylphosphine (262.3mg, 1.0
mmol) and diethylazodicarboxylate (130.6 mg, 0.75 mmol). The mixture was allowed to react
for 2 hours at rt. The product was isolated (83%) by column chromatography eluting with
hexanes/Et2O 9:1, as yellow oil.
1H NMR (200 MHz, CDCl3): δ 1.75-2.31, (m, 4H), 3.75 (s, 3H), 3.79 (s, 3H), 3.81-3.88 (m,
1H); 4.93-5.05 (m, 1H), 5.73 -5.95 (m, 2H); 6.00 (d, 1H, J=2.0 Hz), 6.05 (d, 1H, J =2.0 Hz).
13C NMR (50 MHz, CDCl3): δ 19.2, 25.1, 39.0, 55.1, 55.4, 82.3, 88.7, 91.0, 110.1, 126.0,
126.7, 156.7, 161.1, 161.5.
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(5aR*, 10aR*)-1,3-dimethoxy-6,7,8,10a-tetrahydro-5aH-benzo
[d]cyclohepta[b]furan (3.75) (Scheme 3.29).
Following the procedure described above, to a solution of 3.49 (131
mg, 0.5 mmol) in anhydrous THF (2.0 mL) were added
triphenylphosphine (262.3mg, 1.0 mmol) and diethylazodicarboxylate (130.6 mg, 0.75
mmol). The mixture was allowed to react for 2 hours at rt. The product (obtained as
inseparable mixture with 10% of the corresponding trans stereoisomer) was isolated (81%) by
column chromatography eluting with hexanes/AcOEt 9:1, as colorless oil. Rf=0.38
(hexanes/AcOEt 9:1).
1H NMR (200 MHz, CDCl3): δ 1.55-1.75 (m, 2H), 1.92-2.07 (m, 2H), 2.09-2.22 (m, 2H), 3.76
(s, 3H), 3.80 (s, 3H), 4.25 (d, 1H, J= 9.8 Hz), 4.88 (ddd, 1H, J1= 4.5 Hz, J2= 9.8 Hz), 5.62-
5.68 (m, 2H), 6.00-6.05 (m, 2H).
13C NMR (50 MHz, CDCl3): δ 19.4, 26.7, 28.7, 42.4, 55.3, 55.5, 85.5, 88.1, 91.1, 127.6,
129.7, 159.0, 160.3, 160.7.
(5aS*, 11aS*,Z)-1,3-dimethoxy-5a,6,7,8,11a-hexahydrobenzo
[b]cycloocta[d]furan (3.76) (Scheme 3.29).
Following the procedure described above, to a solution of 3.50 (139
mg, 0.5 mmol) in anhydrous THF (2.0 mL) were added
triphenylphosphine (262.3mg, 1.0 mmol) and diethylazodicarboxylate (130.6 mg, 0.75
mmol). The mixture was allowed to react for 2 hours at rt. The product (obtained as
inseparable mixture with 10% of the corresponding trans stereoisomer) was isolated (70%) by
column chromatography eluting with hexanes/AcOEt 9:1, as colorless oil. Rf=0.45
(hexanes/AcOEt 9:1).
1H NMR (200 MHz, CDCl3): δ 0.95-2.25 (m, 8H), 3.72 (s, 3H), 3.76 (s, 3H), 4.10-4.26 (m,
1H), 4.50-4.67 (m, 1H), 5.11 (dd, 1H, J1= 10.6 Hz, J2= 7.0 Hz), 5.68-5.88 (m, 1H), 6.00 (s,
2H).
13C NMR (50 MHz, CDCl3): δ 26.6, 26.7, 28.2, 29.2, 40.4, 55.5 (2C), 88.3, 91.3, 91.5, 11.8,
130.5, 133.3, 156.7, 160.5, 161.6.
General procedure for the acid-catalyzed cyclodehydration: To a solution of
hydroxyphenol (0.2 mmol) in toluene (4.0 mL) was added p-toluensulfonic acid monohydrate
(5 mol%, 0.01 mmol) under magnetic stirring. The mixture was then warmed to 100°C
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followed by TLC and was quenched, with saturated NaHCO3 (5.0 mL x 2 times), brine (5.0
mL) and dried over MgSO4. The crude reaction mixture was purified by silica gel column
chromatography to give the pure compounds.
4,6-Dimethoxy-2,2-dimethyl-3-phenyl–2,3-dihydro benzofuran
(3.38) (Scheme 3.21).
Using the general procedure described above, a solution of tris (3,5-
dimethyoxyphenyl) borate (3i) (705 mg, 1.5 mmol) in CH2Cl2 (1.0
mL) was added at –40°C under argon to a solution of 1,2-epoxy-2-methyl-1-phenyl-propane
(148 mg, 1.0 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to react for 18 hours at
–40°C. The reaction was then quenched and the solvent was evaporated under a vacuum. To
the crude mixture dissolved in toluene (18.5 mL) was then added p-TsOH (5 mol%).The
mixture was allowed to react for 3 hours at 100°C. The mixture was quenched with aqueous
NaHCO3 satured solution, dried over MgSO4 and filtered. Column chromatography eluting
with hexanes/Et2O 9:1 afforded pure 3.38 ,as a solid (156.2 mg, 55%). M.p= 86-89°C.
1H NMR (250 MHz, CDCl3) δ 0.97 (s, 3H); 1.53 (s, 3H); 3.60 (s, 3H); 3.80 (s, 3H); 4.18 (s,
1H); 6.02 (s, 1H); 6.11 (s, 1H); 6.90-7.10 (m, 2H); 7.15-7.28 (m, 3H).
13C NMR (62.5 MHz, CDCl3) δ 24.5, 29.4, 55.3, 55.5, 55.6, 88.3, 90.4, 91.3, 109.4, 126.6,
127.0, 127.3, 140.4, 157.3, 160.7, 162.0.
 (4aS*,9bR*)-7,9-Dimethoxy-1,2,3,4,4a,9b-hexahydro-dibenzo-[b]-
furan (3.71) (Scheme 3.27).
p-Toluensulfonic acid monohydrate (5 mol%, 0.014 mmol, 2.66 mg)
was added at rt to a solution of 3.36 (88.6 mg, 0.27 mmol) in toluene (5.0 mL). The mixture
was allowed to react for 18 hours at rt. The mixture was then quenched with aqueous
NaHCO3 saturated solution, dried over MgSO4 and filtered. Evaporation of organic layer
afforded pure compound 3.71 (79.5 mg, 95%), as a oil.
1H NMR (250 MHz, CDCl3) δ 1.50-1.78 (m, 4H); 1.81-1.98 (m, 2H); 2.13-2.40 (m, 2H); 3.61
(s, 3H); 3.78 (s, 3H); 4.76-4.83 (m, 1H); 6.03 (d, 1H, J= 2.0 Hz); 6.12 (d, 1H, J= 2.0 Hz);
7.10-7.38 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 18.6, 20.6, 26.6, 30.7, 52.4, 55.2, 55.4, 88.9, 90.6, 91.6,
113.2, 125.9, 126.6, 128.0, 147.1, 157.5, 161.4, 161.7.
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2-(2-Phenylcyclohex-1-enyl)-3,5-dimethoxyphenol (3.70) (Scheme
3.26).
Using the general procedure described above, to a solution of 3.36 (88.6
mg, 0.27 mmol) in anhydrous THF (1.1 mL) were added
triphenylphosphine (141.6 mg, 0.40 mmol) and diethylazodicarboxylate
(69.6 mg, 0.50 mmol). The mixture was allowed to react for 5 hours at rt and then the solvent
was evaporated under a vacuum.
Column chromatography eluting with hexanes/AcOEt 9:1 afforded pure 3.70 (50.2 mg, 60%),
as a oil.
1H NMR (250 MHz, CDCl3) δ 1.62-1.85 (m, 4H); 2.12-2.25 (m, 2H); 2.42-2.71 (m, 2H); 3.62
(s, 3H); 3.77 (s, 3H); 5.36 ArOH (br, s, 1H); 6.07 (d, 1H, J=2.3 Hz); 6.17 (d, 1H, J=2.3 Hz);
7.05-7.38 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 25.8, 27.4, 33.0 (2 C); 55.2, 55.7, 91.7, 92.3, 111.3, 123.0,
126.2, 127.8, 128.07, 141.3, 150.0, 153.6, 158.0, 160.5.
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Chapter 4
Stereoselective carbon-carbon coupling of phenol derivatives with aryl aziridines
4.1 Introduction
In order to extend the scope of the Friedel-Crafts type alkylation of aryl- and
vinylepoxides with aryl borates (see chapter 3), we investigated also the behaviour of aryl
aziridines in these reaction conditions. Aziridines are well-known carbon electrophiles and
represent one of the most interesting building block in organic synthesis because of their
ability to undergo ring-opening reactions with a large variety of nucleophiles to give 1,2-
substituted amines.1 It is worth mentioning that the chemistry of aziridines is enriched with
respect to that epoxides by the presence of protecting groups on the heteroatom, allowing
modular reactivity of these strained heterocycles.2
Although several interesting approaches for the ring-opening of aziridines with a
variety of carbon nucleophiles such as Grignard reagents3, enolates4 and ynolates5 have been
reported in the last few years, only a few Friedel-Crafts reactions of arenes with activated
aziridines have been described so far. In this field, Stamm and co-workers reported a AlCl3-
promoted ring-opening of N-sulfonyl aziridines with benzene in which the ring-opened
products obtained were closely related to the starting substrates.  (Scheme 4.1).6
Scheme 4.1 AlCl3-promoted ring-opening of N-sulfonyl aziridines with benzene.
While the use of the N-SO2Ph protected aziridine of styrene afforded the formation of a
mixture where the expected compound of type 4.1 was the main product, using the N-SO2Ph
protected aziridine deriving from stilbene the exclusive formation of the poly-substituted
compound of type 4.2 was obtained. Furthermore, if the reaction was carried out using
toluene or anisole, mixtures of all possible ortho- para regioisomers of the described products
of type 4.1 and 4.2 were obtained.
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A significant advance towards a catalytic ring-opening of aryl aziridines with
substituted arenes was described by Yadav and co-workers.7 The authors tried several Lewis
acids as catalysts in the ring-opening reaction of different substituted N-tosyl aziridines with
aromatic compounds, finding out that optimal results were obtained by the use of catalytic
amounts (5.0 mol%) of In(OTf)3 (Table 4.1).
Table 4.1 In(OTf)3-catalyzed arylation of aziridine of type 4.3.
Entry Aziridine Ar Time Yield (%) Ratio (4.4:4.5)a
1 4.3a 1,4-dimethoxybenzene 1.0 h 90 93:7
2 4.3a 1,2,3-trimethoxybenzene 1.0 h 90 >98: <2
3 4.3a 1,3-dimethoxy-2-methylbenzene 2.0 h 89 97:3
4 4.3b 1,4-dimethoxybenzene 2.0 h 84 97:3
5 4.3c 1,2-dimethoxybenzene 1.5 h 88 >98: <2
6 4.3a Naphtalene 6.0 h 70 90:10
7 4.3a Anthracene 6.5 h 68 70:30
aDetermined by  1H NMR analysis of crude reaction mixtures.
The ring-opening reactions were carried out in CH2Cl2 at room temperature to give the
corresponding ring-opened products with a high regioselectivity at the benzylic position (up
to >98: <2) and with high yields. It should be noted that the use of  bi- and tricylic arene such
as naphtalene (entry 6) and anthracene (entry 7) afforded the ring-opened products with an
appreciable decrease of regioselectivity, while the use InCl3 gave a mixture of β-aryl amines
of type 4.4 and 4.5 and β-chloro amines in a 1:1 ratio in sharp contrast with the results
obtained with In(OTf)3. The efficiency of metal triflates as catalysts in the ring-opening of
styrenyl N-tosyl aziridines with this type of nucleophiles is also proved by the similar yields
and selectivity obtained by the use of Sc(OTf)3 and Yb(OTf)3 under the same reaction
conditions.
Also heteroaromatic systems are able to react with aziridines in the presence of metal
catalysts. Recently, Yadav and co-workers reported the InCl3-catalyzed ring-opening of N-
tosyl aziridines with a large variety of nucleophiles such as indole, thiophene and furan
(Scheme 4.2). The reaction was carried out in CH2Cl2 at room temperature and afforded the
ring-opened products with total anti-stereoselectivity.8
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Scheme 4.2 InCl3-catalyzed ring-opening of N-tosyl aziridines with heteroaromatic systems.
Given the particular electronic characteristics of these nucleophiles, the alkylation reaction
occurred selectively at C3 position of indole and at C2 position of furan, pyrrole and thiophene.
On the other hand, the reaction afforded a mixture of regioisomers when non-symmetrical
aziridines were used as starting substrates.
In a related study, Hruby and co-workers described the ring-opening reaction of the
optically active aziridine 4.6 with substituted indoles in the presence of stoichiometric
amounts of BF3.Et2O (Scheme 4.3).9
Scheme 4.3 Ring-opening of aziridine 4.6 with indoles.
This ring-opening reaction, which permits the obtainment in enantioenriched form of β-
phenyl  derivatives of tryptophane, proceeds with high regioselectivity at the benzylic
position and at C3 position of indole and allows the formation of the corrisponding ring-
opened products with a high anti-stereoselectivity.
With regard to the ring-opening of aziridines with indoles, Farr and co-workers
reported a synthesis of GnRH (Gonanotropin releasing hormone) where the Lewis acid-
catalyzed ring opening of the optically active nosyl aziridine 4.7a represents the key-step
(Scheme 4.4).10
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Scheme 4.4 Synthesis of GnRH 1 via ring-opening of aziridine 4.7.
Looking at the Scheme 4.4, it should be noted the total regioselectivity at the most hindered
position of aziridine 4.7a the high anti-stereoselectivity of this ring-opening reaction (er >99/
<1). In order to evaluate the effect of the substituent on the ring of aziridine, the authors
prepared a short series of nosyl aziridines 4.7b-e which were then tested in the reaction with
2-phenylindole. The results obtained are summarized in the Table 4.2.
Table 4.2 BF3.Et2O-catalyzed ring-opening of aziridines of type 4.7 with 2-phenylindole.
Entry Aziridine R Time Yield (%) eeb
1 4.7b H 18 h 51 -
2 4.7c Bn 48 h 48 >99%
3 4.7d i-Pr 72 h c.a 20% conv. -
4 4.7e Ph 1 min 66 92
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As shown in the Table 4.2, the reaction of 2-benzyl aziridine 4.7c afforded the desidered ring-
opened producy with fair yields and with a total anti-stereoselectivity (entry 2), while using
the α-branched derivative 4.7d (entry 3) only 20% conversion was achieved after 72 hours. In
sharp contrast with the others substrates, the reaction of 2-phenylaziridine 4.7e with 2-
phenylindole under these reaction conditions (entry 4) was very fast giving the corresponding
ring opened product with a good yield and a high anti-stereoselectivity (ee= 92%).
As stated for the ring-opening of epoxides, it is worth mentioning that the Friedel-
Crafts type reactions of aziridines described in this introductory section show some common
characteristics:
1) An external metal as catalyst or promoter is always required.
2) Only in the presence of electron-rich heteroaromatic systems it is possible to
achieve good level of selectivity.
Moreover, it should be considered that the use of phenols in this kind of ring-opening reaction
have not been reporteed before.
4.2 Results and discussion
During our investigation, we observed that the reaction in CH2Cl2 at –78°C of different
styrenyl N-protected enantiomerically pure aziridines 4.8a-c (for the synthesis of these
substrates see chapter 1, Scheme 1.22) with triphenylborate (4a) afforded an almost
equimolar mixtures of O-alkylated and C-alkylated products, as displayed in Scheme 4.5.11
Scheme 4.5 Ring opening reaction of N-protected aziridines of styrene with triphenyl borate.
Focusing our attention on the C-alkylated products, we observed that the new carbon-carbon
bond was formed with complete regioselectivity at the benzylic position of aziridine ring and
at the ortho position of the phenol derivative (products 4.9a- 4.11a). Furthermore, the correct
choice of the N -protecting group turned out to be important with regard to the
Ph
N
PG
+ B-(OPh)3
CH2Cl2
Ph NHPGPh NHPG
OHO
4.8 a-c 4a
4.8a, PG=Ts                           -78°C, 16h             4.9a,   60% (er=81/19)        4.9b, 40% (er=82/18)
4.8b, PG=Cbz                        -78°C, 2h               4.10a, 50% (er =87/13)      4.10b, 50% (er=69/31)
4.8c, PG=P(O)Ph2                 -78°C, 16h             4.11a, 41% (er =96/4)        4.11b, 59% (er=85/15)
+
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stereoselectivity of this process. In this way, the best result (er= 96/4) was obtained using
aziridine 4.8c, bearing the N-diphenylphosphinyl protecting group. While the demonstration
of the stereoselectivity of the O-alkylation process in the ring-opening of aziridines with
aromatic borates was quite simple (for details see chapter 1, section 1.2.2), the absence in
literature of procedures for the Friedel-Crafts type ring-opening of aziridines with phenols,
which could be used as terms of comparison, made a simple determination of the
stereoselectivity (syn vs anti ring-opening) of our synthetic process not possible. Therefore,
we thought to use the obtained C-alkylated products for the synthesis of compounds of known
absolute configuration giving to us the possibility to demonstrate the stereoselectivity of our
ring-opening reaction. To this goal, we envisioned that the ring-opened products 4.9a-4.11a
could be valuable intermediates for the obtainment of indolines, a particular class of
heterocyclic compounds. Very interestingly, we observed that enantiomerically enriched
compound 4.12, which can be prepared by asymmetric reduction from the corrisponding
indole using a Rh-catalyst,12 could be an appropriate term of comparison (Scheme 4.6).
Scheme 4.6 Synthesis of compound 4.12 via asymmetric reduction of the corresponding indole.
For the preparation of compound 4.12, we thought to adopt a synthetic route which foresees a
first activation of the hydroxyl group of the phenol of compound 4.9a by converting it into the
corresponding triflate 4.13, followed by an intramolecular amination to give the desired
compound 4.12, as summarized in the Scheme 4.7.
N
Ts
+ H2
[Rh(nbd)2]SbF6 (1.0 mol%)
(S,S)-(R,R)-Ph-TRAP (1.0 mol%)
CsCO3 (10 mol%)
i-PrOH, 80°C NTs
4.12
Er =  98 / 2
[α]20D= +88.9 (c=1.01, CHCl3)
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Scheme 4.7 Synthetic route for the preparation of compound 4.12 via intramolecular
amination of compound 4.9a.
While the preparation of compound 4.13 was easily achieved by simple reaction of compound
4.9a with triflic anhydryde in pyridine (see experimental section for details), for the following
intramolecular amination several attempts were necessary since different palladium13 and
copper14 mediated cyclization were considered but with unsatisfactory results. A solution was
found in the CuI/CsOAc-mediated intramolecular amination developed by Fukuyama and co-
workers for aryl bromides and iodides15 (Scheme 4.8).
Scheme 4.8 Synthesis of compound 4.12 via copper-mediated intramolecular amination of
compound 4.13.
At this point, the demonstration of the stereoselectivity of the ring-opening reaction of
aziridine 4.9a with triphenyl borate 4a could be easily deduced comparing the specific
rotatory power of compound 4.12 obtained with our protocol ([α]20D= +55.4, c=0.35, CHCl3)
with the date reported in literature12 ([α]20D= +88.9, c=1.01, CHCl3). In this manner we were
able to demonstate, in first instance, the absolute configuration of compound 4.12 and, as a
consequence, the anti-stereoselectivity of our ring-opening reaction.
N
Ts
4.12
NHTsO
Tf
4.13
CuI (2.0 equiv.)
CsOAc (5.0 equiv.)
DMSO, 120°C, 12h
[α]20D= +55.4 (c=0.35, CHCl3), Er =  81 / 19
Lit12 [α]20D= +88.9 (c=1.01, CHCl3), Er =  98 / 2
Yield=45%
N
Ts
4.12
NHTsO
Tf
4.13
NHTs
OH
4.9a
intramolecular
amination
activation of 
phenolic hydroxyl
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NHP(O)Ph2
OH
Once demonstrated the anti-stereoselectivity of this ring-opening reaction, we thought
to continue our investigation testing aziridines of type 4.8 with different substituted
arylborates. In order to obtain an increased amount of the C-alkylated product, we used
borates made with phenols bearing electron-donating groups, able to increase the electron-
density, and in this way the nucleophilicity of the aromatic ring of the phenol. A first study
was carried out using tris(3,5-dimethylphenyl) borate 4b in the reaction with optically active
aziridines of type 4.8 and the results obtained are summarized in the Table 4.3.
Table 4.3 Ring-opening of aziridines of type 4.8 with tris(3,5-dimethylphenyl) borate 4b.a
Entry Aziridine Time C-alk/O-alk C-Alk Product (yield%) Anti/synb
1 (S)-4.8a 2h 94/ 6 4.14
 (73)
95/ 5
2 (S)-4.8b 16h >95/ <5 4.15
(51)
98/ 2
3 (S)-4.8c 2h >95/ <5 4.16
 (70)
>99/ <1
a All reactions were carried out in CH2Cl2 at –78°C. b Determined by chiral HPLC analysis on the basis
of the initial enantiomer distribution of the starting aziridine (99:1 er).
Consistent to our expectations, the use of the electron-rich borate 4b with optically active
aziridines of type 4.8 proved to be particularly fruitful providing a dramatic increase in the C-
alkylation pathway with respect to the relative ring-opening reactions carried out using
triphenylborate 4a (Scheme 4.5). Looking at the Table 4.3, it can be observed that the ring-
opening reaction of differently protected aziridines of type 4.8 with borate 4b afforded the
desired 2,2-diarylethylamines 4.14-4.16 with good yields and a high chemoselectivity and
anti-stereoselectivity (entries 1-3). It also should be noted that this protocol allows a novel
entry to the corresponding optically active unsymmetrical 2,2-diarylethylamines which are
very difficult to obtain by other routes.16
In order to evaluate also the influence of the reaction conditions on the products
distribution, we thought to investigate the effect of the temperature on the chemoselectivity of
this ring-opening reaction. To this end, the ring-opening of racemic aziridine 4.8a with tris (p-
NHTs
OH
NHCbz
OH
162
methylphenyl) borate 4c in CH2Cl2 was carried out at different temperatures to give the results
shown in the Scheme 4.9.
Scheme 4.9 Ring-opening reaction of aziridine 4.8a with borate 4c at different temperatures.
Comparing the 1H NMR spectra of the crude reaction mixtures of the reaction of aziridine 4.8
with borate 4c at different temperatures, we were able to demonstrate that a low reaction
temperature allows the considerable increase of C-alkylated product (C/O ratio= 76/24) with
respect to the same reaction carried out at room temperature (C/O ratio= 49/51, Scheme 4.9).
With the preliminary results in our hands, we continued our investigation testing
several electron-rich borates in the reaction with aziridine of type 4.8 (Table 4.4).
NTs O
B NHTs NHTs
HO O
+
3
+
CH2Cl2
4.8a 4c 4.17a 4.17b
Temperature
rt, 1.5h                              49%                                     51% 
                     
-40°C, 18h                        61%                                     39%
-78°C, 18h                        76%                                     24%
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NHTs
OMe
MeO OH
NHCbz
OMe
MeO OH
NHCbz
OH
NHCbz
OH
MeO
Table 4.4. Ring-opening of aziridines of type 4.8 with different borates.a
Entry Borate Aziridine C-Alk/O-Alk C-Alk Product (yield%) Anti/synb
1
4d
(S)-4.8a >95/<5 4.18
(84)
>99/ <1
2
4d
(S)-4.8b >95/<5 4.19
(88)
>99/ <1
3
4e
(S)-4.8b >95/<5 4.20
(40)
>99/ <1
4
4f
(S)-4.8b 73/27 4.21
                            (59)
81/ 19
a All reactions were carried out in CH2Cl2 at –78°C. b Determined by chiral HPLC analysis on the basis
of the initial enantiomer distribution of the starting aziridine (99:1 er).
High chemo- (C-alkylation) and anti-stereoselectivity were obtained also using tris (3,5-
dimetoxyphenyl) borate 4d (entries 1,2) and tris (2,3,5-trimethylphenyl)borate 4e (entry 3).
On the other hand, the use of tris (4-methoxyphenyl) borate 4f   (entry 4) gave the
corresponding diarylethylamine 4.21 with a lower chemo- and stereoselectivity. Reasonably,
in borate 4 f the p -methoxy group reduces the electron density, and in this way the
nucleophilicity, of the reactive ortho-position by means of the associated inductive electron-
withdrawing effect, thus favoring the obtainment of a lower amount of the Friedel-Crafts type
product 4.21.
Based on the results obtained so far, it should be noted the different stereoselectivity of
the ring-opening of optically active aryl aziridines of type 4.8 with respect to the (R)-styrene
oxide (for details, see chapter 3, section 3.2.1) in the reaction with electron-rich arylborates.
While the use of (R)-styrene oxide gave the desired hydroxy phenols with high syn-
stereoselectivity, using aziridines in the reaction with electron-rich aromatic borates a
predominating inversion of configuration was observed (Tables 4.3 and 4.4). As stated in the
study of the ring opening of epoxides and aziridines with triphenylborate (see chapter 1,
OMe
OMe
O
B
3
OMe
OMe
O
B
3
O
B
3
O
B
3
OMe
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sections 1.2.1 and 1.2.2), this different behaviour can be explained considering that epoxides
are able to act as Lewis bases directly through their non-bonded electron pairs while in the
case of N-protected aziridines, only when there is a not-oxygenated protecting group can a
direct interation with Lewis acid occur on the nitrogen. Based on these simple qualitative
considerations, it can be assumed that in the case of aziridines the coordination is not so
efficient to allow the formation of an advanced carbocationic species, thus favoring the
normal ring-opening with inversion of configuration at the cleaved center. Therefore, the
stereoselective outcome of this Friedel-Crafts type alkylation of aryl aziridines with aromatic
borates might be reasonably explained considering that the first coordination of a unit of
borate to the protecting group of aziridine is able to activate the heterocycle ring by the
lengthening of the C-N bond (Figure 4.1, A) but without the formation of an advanced
carbocationic specie as seen in the case of epoxide (chapter 3, section 3.2.1). At this point,
another unit of borate is responsable for the intermolecular attack of the aryl moiety (Figure
4.1, B) which delivers the O-alkylation products (pathway C) or the C-alkylation product
(pathway D) with high anti-stereoselectivity.
Figure 4.1. Plausible mechanism for the observed anti-stereoselectivity.
After the results obtained in the study of the epoxide (chapter 1 and 3) and oxetane ring
opening (chapter 2), we hypothesized that the presence of different substituents on the
aromatic ring of aziridines of type 4.8 might cause a different activation of the strained ring in
the reaction with aryl borates, thus causing a different reactivity and chemoselectivity (C- vs
O-alkylation) with respect to the same reaction performed with unsubstituted styrenyl
aziridines of type 4.8. To verify this working hypothesis, several phenyl-substituited styrenyl
aziridines were synthetized and tested in the reaction with electron-rich borates. For the
preparation of these substrates, two different synthetic approaches were considered on the
N
X
O
R
B-(OAr)3 N
δ+
A
X
O(ArO)3B
δ−
Nδ+
X
O(ArO)3B
δ−
B OAr
OAr
O
R
NHX(O)R
R
OH
anti-C-Alk product
NHX(O)R
O
R
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C
D
D
C
B
R R
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base of the protecting group present on the nitrogen of the heterocycle. With regard to the
synthesis of racemic N-tosyl aziridines, we used a protocol, described by Evans and co-
workers, which allows the direct aziridination of the olefin by the use of Cu(OTf)2 as catalyst
and N-tosylphenyliodinane17 (Scheme 4.10).
Scheme 4.10 Copper-catalyzed aziridination of phenyl-substituted styrenes with N-
tosylphenyliodinane.
On the other hand, the synthesis of racemic N-Cbz protected aziridines was carried out using
the corresponding commercially available styrene oxides via azidolysis and subsequent
phosphine-mediated ring closure of the obtained azido alcohols (Scheme 4.11). The crude NH
aziridines were not isoleted but were directly derivatizated by the use of benzyl
chloroformiate to give the corresponding aziridine of 4.23a and 4.23b.18
Scheme 4.11 Synthesis of aziridines 4.23a and 4.23b.
At this point, all aziridines of type 4.22 and 4.23 were tested in the reaction with electron-rich
borates 4b and 4d and the results obtained are summarized in the Table 4.5.
R
R= p-Me, 4.22a
R= p-F,    4.22b
R= o-Br,  4.22c
Cu(OTf)2,10mol%
PhI NTs
CH3CN, -20 °C
R
N
Ts
O
X
NaN3, NH4Cl
MeOH/H2O (8:1)
reflux, 4h
OH
N3
1) PPh3, CH3CN
2) ClCOOBn
    ET3N, Et2O
    0°C to rt, 3h
X
N
X
Cbz
X= p-F, 4.23a
X= p-NO2, 4.23b
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Table 4.5. Ring-opening phenyl-substituted styrenyl aziridines with electron-rich borates.a
Entry Aziridine Borate C-Alk/O-Alk C-Alk Product Yield
1
   4.23a
4d >95/<5 4.24 63%
2
4.23a
4b >95/<5 4.25 68%
3
4.22a
4b >95/<5 4.26 87%
4
4.22b
4b >95/<5 4.27 65%
5b
4.22c
4b - - Nil -
6b
4.23b
4b - - Nil -
a All reactions were carried out in CH2Cl2 at –78°C. b  Reactions carried out at room temperature.
Looking at the table 4.5, it should be noted that substituted styrenyl aziridines bearing an
electron-donating group, such as p-fluoro aziridines 4.23a (entries 1,2) and 4.22b (entry 4) or
p-methyl aziridine 4.22a, undergo the ring-opening reaction in the presence of electron-rich
borates in mild condition to give the desired ring-opened products with high chemo- and
regioselectivity. On the other hand, substituted styrenyl aziridines bearing an electron-
withdrawing group (entries 5 and 6) proved to be totally unreactive in these ring-opening
reaction. These second results might be explained considering that the presence of an
NCbz
F HO OMe
OMe
NHCbz
F
NCbz
F
NTs
HO
NHCbz
F
NTs
F
HO
NHTs
F
HO
NHTs
NTsBr
NCbz
O2N
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electron-withdrawing group on the aromatic ring of aziridines 4.22c and 4.23b contrasts the
lengthening of the C-N bond of aziridine subsequent the coordination of boron to the
protecting group of aziridines (Figure 1, A), and in this way, decreases the electrophilicity of
the benzylic position of the aziridine ring preventing the intermolecular attack of the
nucleophilic arenes (Figure 1, B).
In order to extend the scope of this study, we thought to continue our investigation also
analysing the behaviour of disubstituted trans-aziridines in the reaction with aromatic borates.
To this end, a detailed study with regard to the ring-opening of N-protected aziridines of β-
methyl styrene with tris (3,5-dimethoxyphenyl) borate 4d was carried out (Scheme 4.12).
Before discussing the outcome of these ring-opening reaction, it is worth mentioning that
aziridines of type 4.28 were synthetized in accordance with the procedures described in
Schemes 4.10 and 4.11 for the synthesis of styrenyl aziridines (see experimental section for
details).
Scheme 4.12 Ring-opening of aziridines of type 4.28 with tris (3,5-dimethoxyphenyl) borate
4d.
With our pleasure, we observed that the ring-opening reactions of aziridines of type 4.28 with
borate 4d occurred in mild conditions to give exclusively the desired C-alkylated products
4.29-4.31 with complete regioselectivity at the benzylic position of the aziridine ring, high
yields and anti-stereoselectivity.
Unexpctedly, the ring opening reaction of some substituted aziridines deriving from
trans-stilbene, dihyronaphtalene or indene with electronrich borates gave unsatisfatory
results,  affording a complex mixture of products not identified.
During the investigation of the ring-opening reactions of aryl aziridines with electron-rich
borates, we envisioned that diarylethylamines obtained during this study can be used to give
stereodefined 3-aryl indolines by activation of the phenol (Scheme 4.7).
Ph
N
PG
+ B-(OAr)3
CH2Cl2
Ph
HO
4.28 a-c 4d
4.28a, PG=Ts                           -78°C, 14h            4.29, 85% (dr= >99/ <1)        
 
4.28b, PG=Cbz                        -78°C, 2.5h            4.30, 90% (dr= >99/ <1)      
4.28c, PG=P(O)Ph2                 -78°C, 14h             4.31, 82% (dr= >99/ <1)
OMe
OMe
NHPG
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In preliminary experiments (Scheme 4.8), we found that the use of the CuI/CsOAc system
developed by Fukuyama and co-workers15 allowed the intramolecular amination of aryl
triflates to give the desired 3-aryl indolines. In order to evaluate the efficiency of these
reaction conditions, we thought to use this protocol for the synthesis of a short list of 3-aryl
indolines as shown in the Table 4.6.
Table 4.6. Synthesis of 3-Aryl indolines by intramolecular copper-mediated ring closure of
sulfonamidic aryl triflates.
Entry R1 R2 Ar Time (h) Yield (%)
1 3,5-di-Me H Ph (4.33a) 12 72 (4.34a)
2 4-Me H Ph (4.33b) 12 77 (4.34b)
3 3,5-di-Me H p-F-C6H4 (4.33c) 12 90 (4.34c)
4 3,5-di-OMe Me Ph (4.33d) 12 22 (4.34d)
The reaction conditions described in the table 4.6 were applied to sulfonamidic triflates of
type 4.33, to give rapid and versatile access to the corresponding 3-aryl indolines of type 4.34
(entries 1-3). The application of this procedure to triflate 4.33d, derived from the ring-
opening of disubstituted aziridine 4.28a, afforded the corresponding cis 2,3-disubstituted
indoline 4.34d, albeit with a lower isolated yield (entry 4). With regard to the reaction
summarized in Table 4.6, it should be noted that the application of the original reaction
conditions described by Fukuyama (DMSO at room temperature or 90°C) to aryl triflates of
type 4.33 gave the corresponding indolines 4.34 with a very low conversion (<10%), but a
simple increase in the reaction temperature to 120 °C  gave the desired cyclizated product
with fair to very good yields (entries 1-3, yields up to 90%). It is also worth mentioning that,
despite the recent progress in the intermolecular C-N bonding-forming reactions using halides
and Pd-19 or Cu-catalyzed catalytic systems,20 only a few examples of the coupling of amides
with aryl triflates have been disclosed. Moreover, we are aware of only one report on
intramolecular amination using an aryl triflate,13 thus demonstrating the novelty and
potentiality of the ring closure described in this thesis.
R2
Ar
NHTs
R1
O
Tf
CuI (2.0 equiv.)
CsOAc (5.0 equiv.)
DMSO, 120°C N
Ts
Ar
R2
R1
4.33 4.34
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4.3. Experimental Section.
General Methods.  THF, CH2Cl2 on molecolar sieves were purchased from Fluka
and used as such. Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets
(Macherey- Nagel) with detection by 0.5% Phosphomolybdic acid solution in 95% EtOH.
Silica gel 60 (Macherey- Nagel 230- 400 mesh) was used for flash chromatography. Solvents
for extraction and chromatography were HPLC grade.
1H NMR spectra were recorded on a Bruker AC-200 spectrometer. Chemical shifts
are reported in ppm downfield from tetramethylsilane with the solvent resonance as the
internal standard (deuterochloroform: δ 7.26). 13C NMR spectra were recorded on a Bruker
AC-200 (50 MHz) spectrometer with complete proton decoupling. Chemical shifts are
reported in ppm downfield from tetramethylsilane with the solvent resonance as the internal
standard (deuterochloroform: δ 77.7). Analytical high performance liquid chromatography
(HPLC) were performed on a Waters 600E equipped with Varian Prostar 325 detector using
Daicel Chiralcel OD-H and AD-H column with detection at 254 nm.
Mass spectra ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer,
equipped with a software Xcalibur.
Synthesis of aromatic borates.
Following a previously described procedure for the preparation of triphenyl borate21, a
solution of substituited phenol (90 mmol) in degassed THF (20 mL) was added at 0°C to
BH3⋅Me2S (30.0 mmol) under argon. The mixture was allowed to react up to complete
evolution of H2. Evaporation of organic solution afforded aromatic borates 4a- f, which were
not further purified and used immediately after their preparation.
Ring-opening of aziridines
General Procedure as follows: a solution of aryl borate (0.75 mmol) in CH2Cl2 (0.5 mL)
was added under argon protection at –78°C  to a solution of aziridine (0.5 mmol) in CH2Cl2
(1.5 mL) under a magnetic stirring. The reaction was followed by TLC and was quenched,
after the times indicated in Table 1 and Scheme 2, with brine (2.0 mL). The solution was
diluted with Et2O or CH2Cl2 (20 mL) and washed with brine. Evaporation of the dried organic
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solution afforded a crude reaction mixture that was purified by semipreparative TLC or by
silica gel column chromatography to give the pure compounds.
 (2S)-2-Phenyl-2-(2-hydroxyphenyl)-N-(4-methylphenyl sulfonyl)-
ethanamine (4.9a) (Scheme 4.5).
Using the general procedure described above, a solution of triphenyl
borate (4a) (217.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL) was added at
–78°C under argon to a solution of (S)-N-Ts aziridine of styrene (4.8a)
(136.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 18 hours at
–78 °C. The product was isolated (Yield=33.3%) by column chromatography eluting with
hexanes/AcOEt 7:3, as a solid. M.p= 182-185°C. RF= 0.22 (hexanes/AcOEt 8:2).
1HNMR (MeOD) δ 2.40 (s, 3H); 3.42 (d, 1H, J= 8.0 Hz); 4.51 (t, 1H, J= 8.0 Hz); 6.63- 6.76
(m, 2H); 6.88- 7.05 (m, 2H); 7.09- 7.25 (m, 5H); 7.31 (d, 2H, J= 8.0 Hz); 7.66 (d, 1H, J= 8.0
Hz).
13C NMR (MeOD) δ 21.46, 45.16, 47.49, 116.08, 120.41, 127.28, 128.07, 128.51, 129.20,
129.28, 129.51, 129.56, 130.64, 138.72, 143.17, 144.47, 156.13.
ESIMS (neg.): m/z 366 [M-H].
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 51.41 (S , major
stereoisomer), 55.98 (R, minor stereoisomer).
The first eluting fractions of the above described column chromatography
afforded pure (2R)-2-phenyl-2-phenoxy-N-(4-methylphenylsulfonyl)-
ethanamine (4.9b), (Scheme 4.5), as a semisolid (yield= 34.2%).
1HNMR (CDCl3) δ 2.41 (s, 3H); 3.24 (ddd, 1H, J1= 13.3 Hz, J2= 9.0 Hz;
J3= 3.8 Hz); 3.43 (ddd, 1H, J1= 13.3 Hz, J2= 9.2 Hz; J3= 3.6 Hz); 4.96- 5.05 NH (m, 1H);
5.11 (dd, 1H, J1= 9.0 Hz, J2= 3.6 Hz); 6.70 (d, 2H, J= 8.3 Hz); 6.88 (t, 1H, J= 7.3 Hz); 7.09-
7.36 (m, 9H); 7.72 (d, 2H, J= 8.1 Hz).
13C NMR (CDCl3) δ 22.11, 50.12, 79.03, 116.36, 121.88, 126.63, 127.57, 128.93, 129.42,
129.88, 130.37, 137.62, 138.58, 144.09, 157.80.
For HPLC analysis of compound 4.9b, see chapter 1, section 1.3. Compound 1.30a.
NHTs
HO
NHTs
O
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 (2S)-2-Phenyl-2-(2-hydroxyphenyl)-N-benzyloxycarbonyl-
ethanamine (4.10a) (Scheme 4.5).
Using the general procedure described above, a solution of triphenyl
borate (4a) (217.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL) was added at
–78°C under argon to a solution of (S)-N-Cbz aziridine of styrene (4.8b) (126.5 mg, 0.5
mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 2 hours at –78 °C. The
product was isolated (Yield=18%) by semipreparative TLC eluting with hexanes/AcOEt
85:15 (3 times), as a solid. M.p= 132-135°C.
1HNMR (CDCl3) δ 3.62- 3.96 (m, 2H); 4.54 (t, 1H, J= 7.7 Hz); 4.93- 5.17 (m, 3H); 6.61- 6.78
(m, 3H); 6.94 (d,1H, J= 6.6 Hz); 7.06 (t, 1H, J= 7.1 Hz); 7.13- 7.40 (m, 10H).
13C NMR (CDCl3) δ 45.24, 45.35, 67.71, 116.85, 121.10, 127.59, 128.62, 128.85, 128.99,
129.21, 129.39, 129.56, 136.86, 141.31, 154.82 157.69.
ESIMS (neg.): m/z 346 [M-H].
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 28.58 (R , minor
stereoisomer), 30.43 (S, major stereoisomer).
The first eluting fractions of the above described column
chromatography afforded pure (2 R)-2-phenyl-2-phenoxy-N-
benzyloxycarbonyl-ethanamine (4.10b), (Scheme 4.5), as a solid
(yield= 25.3%). M.p= 87- 90°C.
1HNMR (CDCl3) δ 3.45 (ddd, 1H, J1= 13.6 Hz, J2= 8.9 Hz; J3= 4.3 Hz); 3.75 (ddd, 1H, J1=
13.6 Hz, J2= 11.1 Hz; J3= 4.5 Hz); 5.01- 5.19 (m, 2H); 5.20- 5.36 CH-OAr + NH (m, 2H);
6.75- 6.95 (m, 3H); 7.10- 7.43 (m, 12H).
13C NMR (CDCl3) δ 48.43, 67.58, 79.71, 116.51, 121.86, 126.80, 128.84, 129.24, 129.47,
130.09, 139.24, 157.02, 158.35.
For HPLC analysis of compound 4.10b, see chapter 1, section 1.3. Compound 1.31a.
Ring-opening of (S)-N-P(O)Ph2 aziridine of styrene (4.8c) with triphenyl borate (4a)
(Scheme 2).
Using the general procedure described above, a solution of triphenyl borate (4a) (217.5 mg,
0.75 mmol) in CH2Cl2 (0.5 mL) was added at –78°C under argon to a solution of (S)-N-
P(O)Ph2 aziridine of styrene (4.8c) (159.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture
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was allowed to react for 18 hours at –78 °C. The reaction afforded an inseparable mixture of
C- and O-alkylated product, 4.11a and 4.11b, 41/59 ratio respectively. Representative segnal
for:
C-Alk product (4.11a)⇒ 4.86- 5.00 CHAr (m, 1H).
O-Alk product (4.11b)⇒ 5.28- 5.39 CHAr (m, 1H):
HPLC analysis of product 4.11a was performed on a Daicel Chiralpak ® AD-H column, flow
rate: 1.0 mL/min, mobile phase: hexane/isopropanol 90/10, retention times (min): 32.63 (S,
major stereoisomer); 54.62 (R, minor stereoisomer).
 (2S)-2-Phenyl-2-(4,6-dimethyl-2-hydroxyphenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.14) (Entry 1, Table 4.3).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of (S)-N-Ts aziridine of
styrene (4.8a) (136.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react
for 2 hours at –78 °C. The product was isolated (Yield=73%) by column chromatography
eluting with hexanes/AcOEt 8:2, as a solid. M.p= 175-178°C. Rf= 0.17 (hexanes/AcOEt 8:2).
1HNMR (CDCl3) δ 2.05 (s, 3H); 2.17 (s, 3H); 2.39 (s, 3H); 3.62- 3.87 (m, 2H); 4.35- 4.46 (m,
1H); 4.81- 4.97 CH2NH (m, 1H); 5.69- 5.80 Ar-OH (br, 1H); 6.40 (s, 1H); 6.51 (s,1H); 7.08-
7.27 (m, 7H); 7.65 (d,1H, 8.3 Hz).
13C NMR (CDCl3) δ 21.13, 21.41, 22.14, 45.00, 46.51, 115.97, 122.52, 125.09, 127.06,
127.63, 128.43, 129.07, 130.26, 137.53, 138.46, 139.67, 141.66, 143.89, 154.80.
ESIMS (neg.): m/z 394 [M-H].
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 22.30 (R , minor
stereoisomer), 26.03 (S, major stereoisomer).
Anal. Calcd. For C23H25NO3S: C, 69.84%; H, 6.37%; N, 3.54%; S, 8.11%. Found: C, 70.45%;
H, 6.18%; N, 3.34%; S, 8.11%.
(2S)-(+)-2-Phenyl-2-(4,6-dimethyl-2-hydroxyphenyl)-N-
benzyloxycarbonyl-ethanamine (4.15) (Entry 2, Table 4.3).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of (S)-N-Cbz aziridine of styrene (4.8b) (126.5
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mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 16 hours at –78 °C.
The product was isolated (Yield=51%) by column chromatography eluting with
hexanes/AcOEt 8:2, as a solid. M.p= 99-101°C. Rf= 0.28 (hexanes/AcOEt 8:2).
1HNMR (CDCl3) δ 2.15 (s, 6H); 3.82- 4.11 (m, 2H); 4.48- 4.56 (m, 1H); 4,96- 5.15 (m, 3H),
5.96- 6.10 Ar-OH (br, s, 1H); 6.41 (s, 1H); 6.52 (s, 1H); 7.09- 7.27 (m, 10H).
13C NMR (CDCl3) δ  21.34, 21.48, 44.30, 44.60, 67.39, 116.03, 124.85, 126.90, 128.44,
128.68, 128.72, 129.04, 129.13, 137.04, 138.13, 139.47, 142.18, 155.14, 157.46.
ESIMS (neg.): m/z 374 [M-H].
[α]20D= +9.61 (c 0.52, MeOH).
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 30.61 (S, major stereoisomer),
52.86 (R, minor stereoisomer).
 (2S)-(+)-2-Phenyl-2-(4,6-dimethyl-2-hydroxyphenyl)-N-
diphenylphosphinyl-ethanamine (4.16) (Entry 3, Table 4.3)
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at –78°C under argon to a solution of (S)-N-P(O)Ph2
aziridine of styrene (4.8c) (159.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was
allowed to react for 2 hours at –78 °C. The product was isolated (Yield=70%) by column
chromatography eluting with CH2Cl2/AcOEt 7:3, as a solid. M.p= 100-103°C. Rf= 0.15
(CH2Cl2/AcOEt 7:3).
1HNMR (CDCl3) δ 2.16 (s, 3H); 2.19 (s, 3H); 3.15- 3.40 NHdPPh (m, 1H); 3.58- 3.80 (m,
1H); 3.82- 4.03 (m, 1H); 4.41- 4.59 (m, 1H); 6.49 (s, 1H); 6.81 (s, 1H); 7.04- 7.22 (m, 5H);
7.29- 7.54 (m, 6H); 7.73- 7.90 (m, 4H).
13C NMR (CDCl3) δ 21.48, 21.53, 44.04, 46.94, 116.78, 123.91, 126.51, 128.64, 128.80,
129.12, 129.37, 132.62, 132.78, 132.94, 138.00, 138.72, 142.93, 156.85.
ESIMS (neg.): m/z 440 [M-H].
[α]20D= +20.63 (c 0.48, MeOH).
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 0.7 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 22.64 (S , major
stereoisomer), 52.86 (R, minor stereoisomer).
Anal. Calcd. For C28H28NO2P: C, 76.17%; H, 6.39%; N, 3.17%; P, 7.02%. Found: C, 76.34%;
H, 6.19%; N, 3.10%; P, 7.07%.
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2-Phenyl-2-(2-hydroxy-5-methylphenyl)-N-(4-methylphenyl sulfonyl)-
ethanamine (4.17a) (Scheme 4.9).
Using the general procedure described above, a solution of tris (p-
methylphenyl) borate (4c) (249 mg, 0.75 mmol) in CH2Cl2 (0.5 mL) was
added at –78°C under argon to a solution of N-Ts aziridine of styrene (rac-4.8a) (136.5 mg,
0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 18 hours at –78 °C. The
product was isolated (Yield=65%) by column chromatography eluting with hexanes/AcOEt
7:3, as a solid. M.p= 110-112°C.
1H NMR (CDCl3) δ 2.14 (s, 3H); 2.41 (s, 3H); 3.48- 3.62 (m, 2H); 4.44 (t, 1H, J= 7.9 Hz);
4.70- 4.86 NH (m, 1H); 6.59- 6.69 (m, 2H); 6.80- 6.89 (m, 1H); 7.08- 7.32 (m, 7H); 7.65 (d,
1H, J= 8.3 Hz).
13C NMR (CDCl3) δ 22.31, 22.21, 44.50, 47.15, 116.56, 127.57, 127.80, 128.81, 129.18,
129.33, 129.50, 130.37, 141.25, 144.08, 152.08.
ESIMS (neg.): m/z 380 [M-H].
Anal. Calcd. For C22H23NO3S: C, 69.26%; H, 6.08%; N, 3.67%; S, 8.41%. Found: C, 71.15%;
H, 6.10%; N, 3.30%; S, 8.39%.
 The first eluting fractions of the above described column
chromatography afforded pure 2-phenyl-2-(4-methyl phenoxy)-N-(4-
methylphenylsulfonyl)-ethanamine (4.17b), (Scheme 4.9), as a white
solid (yield= 6%). M.p= 75- 77°C.
1H NMR (CDCl3) δ 2.21 (s, 3H); 2.40 (s, 3H); 3.23 (ddd, 1H, J1= 13.2 Hz, J2= 9.0 Hz; J3= 3.8
Hz); 3.41 (ddd, 1H, J1= 13.2 Hz, J2= 9.0 Hz; J3= 3.6 Hz); 5.03- 5.17 CH-OAr + NH (m, 2H);
6.55- 6.66 (m, 2H); 6.70- 6.79 (m, 1H); 6.94 (d, 2H, J= 8.2 Hz); 7.03 (d, 1H. J= 8.2 Hz);
7.13- 7.39 (m, 5H); 7.67- 7.78 (m, 2H).
13C NMR (CDCl3) δ 21.12, 22.19, 50.17, 79.22, 116.29, 126.72, 127.67, 128.97, 129.46,
130.44, 130.67, 131.34, 137.60, 138.70, 144.21, 155.6.
 (2S)-2-Phenyl-2-(4,6-dimethoxy-2-hydroxy-phenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.18), (Entry 1, Table 4.4)
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl)borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of (S)-N-Ts aziridine of
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styrene (4.8a) (136.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react
for 5 hours at –78 °C. The product was isolated (Yield=84%) by column chromatography
eluting with hexanes/AcOEt 6:4, as a solid. M.p= 116- 118°C. Rf= 0.33 (hexanes/AcOEt 6:4).
1H NMR (CDCl3) δ 2.39 (s, 3H); 3.57 (s, 3H); 3.60- 3.80 (m, 5H); 4.68- 4.59 CH-OAr + NH
(m, 2H); 5.92 – 5.98 (m, 2H); 7.05- 7.24 (m, 7H); 7.64 (d, 2H, J= 8.0 Hz).
13C NMR (CDCl3) δ 22.19, 40.40, 45.85, 55.90, 56.13, 92.38, 95.09, 108.29, 126.97, 127.76,
128.37, 128.95, 130.23, 142.04, 143.82, 156.31, 160.15, 160.69.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate:0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 49.80 (R, minor stereoisomer);
58.17 (S, major stereoisomer).
 (2S)-2-Phenyl-2-(4,6-dimethoxy-2-hydroxyphenyl)-N-
benzyloxycarbonyl-ethanamine (4.19) (Entry 2, Table 4.4)
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at –78°C under argon to a solution of (S)-N-C b z
aziridine of styrene (4.8b) (126.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was
allowed to react for 1 hour at –78 °C. The product was isolated (Yield=88%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a semisolid. Rf= 0.11 (hexanes/AcOEt
7:3).
1HNMR (CDCl3) δ 3.67 (s, 3H); 3.69 (s, 3H); 3.89- 4.23 (m, 2H); 4.72- 4.88 (m, 1H); 4.96-
5.21 (m, 3H); 5.99- 6.12 (m, 2H); 7.10- 7.43 (m, 10H).
13C NMR (CDCl3) δ 40.77, 44.14, 55.75, 56.21, 67.45, 92.00, 95.07, 126.70, 128.61, 128.84,
129.16, 137.07, 143.08, 156.95, 157.70, 160.24, 160.38.ù
ESIMS (neg.): m/z 406 [M-H].
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 0.7 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 49.63 (S , major
stereoisomer), 61.21 (R, minor stereoisomer).
 (2S)-2-Phenyl-2-(2-hydroxy-3,4,6-trimethylphenyl)-N-benzyloxy
carbonyl-ethanamine (4.20) (Entry 3, Table 4.4).
Using the general procedure described above, a solution of tris (2,3,5-
trimethylphenyl) borate (4e) (312 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of (S)-N-Cbz aziridine of
styrene (4.8b) (126.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react
NHCbz
HO
OMe
OMe
NHCbz
HO
176
for 2 hours at –78 °C. The product was isolated (Yield=40%) by column chromatography
eluting with hexanes/AcOEt 8:2, as a semisolid. Rf= 0.28 (hexanes/AcOEt 8:2).
1HNMR (CDCl3) δ 2.04 (s, 3H); 2.20 (s, 6H); 3.79- 3.94 (m, 1H); 4.05- 4.25 (m, 1H); 4.56-
4.70 (m, 1H); 4.83- 4.98 NHCbz (m, 1H); 5.07 (s, 2H); 6.61 (s, 1H); 7.14- 7.39 (m, 10H).
13C NMR (CDCl3) δ 12.21, 20.64, 21.22, 43.33, 44.00, 67.34, 124.54, 125.63, 127.22, 128.12,
128.73, 129.13, 129.38, 135.89, 136.84, 137.12, 141.72, 153.04, 157.23.
ESIMS (neg.): m/z 388 [M-H].
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 26.43 (R , minor
stereoisomer), 28.50 (S, major stereoisomer).
Anal. Calcd. For C25H27NO3: C, 77.09%; H, 6.99%; N, 3.60%. Found: C, 76.14%; H, 7.01%;
N, 3.35%.
 (2S)-2-Phenyl-2-(2-hydroxy-5-methyoxyphenyl)-N-benzyloxy
carbonyl-ethanamine (4.21) (Entry 4, Table 4.4).
Using the general procedure described above, a solution of tris (4-
methoxyphenyl) borate (4f) (285 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of (S)-N-Cbz aziridine of styrene (4.8b) (126.5
mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 2 hours at –78 °C.
The product was isolated (Yield=59%) by column chromatography eluting with
hexanes/AcOEt 7:3, as a semisolid.
1HNMR (CDCl3) δ 3.72 (s, 3H); 3.73- 4.01 (m, 2H); 4.53- 4.67 (m, 1H); 5.06- 5.23 (m, 3H);
6.42- 6.52 Ar-OH (br, s, 1H); 6.59- 6.66 (m, 1H); 6.71 (m, 1H); 6.77- 6.85 (m, 1H); 7.17-
7.50 (m, 10H).
13C NMR (CDCl3) δ 45.36 (2 carbon); 56.28, 67.63, 112.84, 115.24, 117.43, 127.57, 128.81,
129.15, 129.36, 129.79, 136.84, 141.20, 148.68, 154.02, 157.60.
ESIMS (neg.): m/z 376 [M-H].
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 0.7 mL/min,
mobile phase: hexane/isopropanol 85/15, retention times (min): 25.19 (S , major
stereoisomer), 30.41 (R, minor stereoisomer).
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2-(4-Fluorophenyl)-2-(4,6-dimethoxy-2-hydroxy-phenyl)-N-
benzyloxycarbonyl-ethanamine (4.24) (Entry 1, Table 4.5).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at –78°C under argon to a solution of N-Cbz aziridine
of p-fluoro-styrene (4.23a) (135.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was
allowed to react for 8 hours at –78 °C. The product was isolated (Yield=63%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a solid (M.p= 55- 56°C).
1HNMR (CDCl3) δ  3.67 (s, 3H); 3.71 (s, 3H); 3.83- 4.00 (m, 1H); 4.02- 4.20 (m, 1H); 4.71 (t,
1H, J= 7.8 Hz); 4.95- 5.20 (m, 3H); 5.98- 6.08 (m, 2H); 6.88 (t, 2H, J= 8.7 Hz); 7.18- 7.42
(m, 7H).
13C NMR (CDCl3) δ 40.22, 44.16, 55.71, 56.15, 67.69, 91.89, 95.04, 115.21, 115.63, 128.64,
128.75, 129.14, 129.99, 130.13, 137.02, 138.68, 156.76, 159.43, 160.42, 164.25.
2-(4-Fluorophenyl)-2-(4,6-dimethyl-2-hydroxyphenyl)-N-
benzyloxycarbonyl-ethanamine (4.25) (Entry 2, Table 4.5).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at –78°C under argon to a solution of N-Cbz aziridine
of p-fluoro-styrene (4.23a) (135.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was
allowed to react for 1 hour at –78 °C. The product was isolated (Yield=68%) by column
chromatography eluting with hexanes/AcOEt 8:2, as a semisolid.
1HNMR (CDCl3) δ 2.20 (s,  6H); 3.83- 3.96 (m, 1H); 4.08- 4.18 (m, 1H); 4.46- 4.54 (m, 1H);
5.07 (s, 2H); 6.43 (s, 1H); 6.58 (s, 1H); 6.86- 6.95 (m, 2H); 7.19- 7.32 (m, 7H).
13C NMR (CDCl3) δ 21.36, 21.47, 44.29, 44.53, 67.48, 115.52, 115.93, 124.94, 128.70,
128.83, 129.19, 129.93, 130.07, 136.99, 137.90, 138.35, 139.41, 155.04, 164.39.
ESIMS (neg.): m/z 392 [M-H].
Anal. Calcd. For C24H24FNO3: C, 73.26%; H, 6.15%; F, 4.83% N, 3.56%. Found: C, 73.40%;
H, 6.18%; F, 4.77; N, 3.45%.
2-(4-Methylphenyl)-2-(4,6-dimethyl-2-hydroxy-phenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.26) (Entry 3, Table 4.5).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5 mg, 0.75 mmol) in CH2Cl2 (0.5
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mL) was added at –78°C under argon to a solution of N-Ts aziridine of p-methyl-styrene
(4.22a) (143.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed to react for 2
hours at –78 °C. The product was isolated (Yield=87%) by column chromatography eluting
with hexanes/AcOEt 8:2, as a solid (M.p= 46- 49°C).
1HNMR (CDCl3) δ 2.11 (s, 3H); 2.20 (s, 3H); 2.27 (s, 3H); 2.41 (s, 3H); 3.72 (d, 2H, J= 8.0
Hz); 4.39 (t, 1H, J= 8.0 Hz); 6.37 (s, 1H); 6.55 (s, 1H); 6.97- 7.10 (m, 4H); 7.25 (d, 2H, J=
8.0 Hz); 7.66  (d, 2H, J= 8.3 Hz).
13C NMR (CDCl3) δ 21.23, 21.32, 21.66, 22.21, 44.37, 46.24, 116.17, 125.33, 127.72, 128.17,
129.94, 130.29, 136.88, 137.60, 138.59, 139.72, 143.91, 154.61.
2-(4-Fluorophenyl)-2-(4,6-dimethyl-2-hydroxyphenyl)-N-(4-methyl
phenylsulfonyl)-ethanamine (4.27), (Entry 4, Table 4.5).
Using the general procedure described above, a solution of tris (3,5-
dimethylphenyl) borate (4b) (280.5.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at –78°C under argon to a solution of N-Ts aziridine of
p-fluoro-styrene (4.22b) (136.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed
to react for 24 hours at –78 °C . The product was isolated (Yield=65%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a solid. M.p= 45- 47°C. Rf= 0.24
(hexanes/AcOEt 7:3).
1HNMR (CDCl3) δ 2.07 (s, 3H); 2.18 (s, 3H); 2.42 (s, 3H); 3.66- 3.80 (m, 2H); 4.32- 4.42 (m,
1H); 4.99- 5.08 CH2NH (m, 1H); 6.41 (s, 1H); 6.52 (s, 1H); 6.83- 6.92 (m, 2H); 7.10- 7.32
(m, 4H); 7.67 (d, 2H, J= 8.2 Hz).
13C NMR (CDCl3) δ 21.03, 21.34, 22.09, 44.54, 46.71, 115.53, 115.96, 125.17, 127.57,
129.67, 130.08, 130.30, 137.39, 138.57, 139.53, 144.00, 154.55, 159.57, 164.42.
 (1S*,2S*)-1-Phenyl-1-(4,6-dimethoxy-2-hydroxyphenyl)-N-(4-
methylphenylsulfonyl)-propan-2-amine (4.29), (Scheme 4.12).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of N-Ts aziridine of β-
methyl-styrene (4.28a) (143.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed
to react for 14 hour at –78 °C. The product was isolated (Yield=85%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a grey solid (M.p=75- 77 °C).
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1HNMR (MeOD) δ 0.98 (d, 3H, J= 6.2 Hz); 2.36 (s, 3H); 3.65 (s, 3H); 3.68 (s, 3H); 4.36 (d,
1H, J= 11.2 Hz); 4.63- 4.71 (m, 1H); 5.95- 5.98 (m, 2H); 6.93- 7.00 (m, 3H); 7.15 (d, 2H, J=
8.0 Hz); 7.25- 7.30 (m, 2H); 7.43 (d, 2H, J= 8.0 Hz).
13C NMR (MeOD) δ 21.43, 21.65, 48.67, 52.30, 55.45, 55.83, 91.28, 94.80, 111.43, 126.31,
127.81, 128.39, 130.01, 130.37, 140.15, 143.74, 144.48, 157.44, 160.31, 160.97.
ESIMS (neg.): m/z 440 [M-H].
 (1S*,2S*)-1-Phenyl-1-(2-hydroxy-4,6-dimethoxyphenyl)-N-
benzyloxycarbonyl-propan-2-amine (4.30), (Scheme 4.12).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5 mL)
was added at –78°C under argon to a solution of N-Cbz aziridine of β-
methyl-styrene (4.28b) (133.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was allowed
to react for 1 hour at –78 °C. The product was isolated (Yield=90%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a solid (M.p=65- 68 °C). Rf= 0.13
(hexanes/AcOEt 7:3).
1HNMR (CDCl3) δ 1.23 (d, 3H, J= 6.4 Hz); 3.59 (s, 3H); 3.79 (s, 3H); 4.38 CH-Ar (d, 1H, J=
11.2 Hz); 4.75- 4.85 CH-NH (m, 1H); 5.06 (s, 2H); 5.32- 5.49 CH-NH (m, 1H); 6.00 (d, 1H,
J= 2.3 Hz); 6.13 (d, 1H, J= 2.3 Hz); 7.08- 7.37 (m, 8H); 7.55- 7.67 (m,2H).
13C NMR (CDCl3) δ 21.54, 48.29, 49.00, 55.54, 56.36, 67.03, 91.21, 94.69, 110.40, 126.48,
128.12, 128.61, 129.14, 129.38, 137.10, 143.44, 157.17, 159.43, 160.04.
ESIMS (neg.): m/z 420 [M-H].
Anal. Calcd. For C25H27NO5: C, 71.24%; H, 6.46%; N, 3.32%. Found: C, 71.34%; H, 6.39%;
N, 3.10%.
 (1S*, 2S*)-1-Phenyl-1-(4,6-dimethoxy-2-hydroxyphenyl)-N-
diphenylphosphinyl-propan-2-amine (4.31), (Scheme 4-12).
Using the general procedure described above, a solution of tris (3,5-
dimethoxyphenyl) borate (4d) (352.5 mg, 0.75 mmol) in CH2Cl2 (0.5
mL) was added at rt under argon to a solution of N-P(O)Ph2 aziridine
of β-methyl-styrene (4.28c) (173.5 mg, 0.5 mmol) in CH2Cl2 (1.5 mL). The mixture was
allowed to react for 2.5 hours at rt. The product was isolated (Yield=82%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a solid.
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1HNMR (CDCl3) δ 1.24 (d, 1H, J= 6.0 Hz); 3.62 (s, 3H); 3.69 (s, 3H); 4.40- 4.55 (m, 2H);
5.97 (d, 1H, J= 2.4 Hz); 6.23 (d, 1H, J= 2.4 Hz); 7.15- 7.46 (m, 13H), 7.72- 7.82 (m, 2H).
13C NMR (DMSO) δ 23.85, 49.06, 49.19, 54.75 (2 carbon); 90.12, 94.01, 110.28, 125.42,
127.31, 127.73, 127.96, 128.17, 129.64, 130.79, 131.12, 131.46, 131.63, 131.94, 132.11,
156.34, 158.70, 158.86.
Synthesis of aryl triflates
Triflic anhydride (0.375 mmoli) was added dropwise at 0°C under argon protection to a
solution of aminophenol of type 3 (0.25 mmol) in pyridine (1.35 mL) under a magnetic
stirring. The reaction was followed by TLC and was quenched with brine (2.0 mL). The
solution was diluted with Et2O or CH2Cl2 (20 mL) and washed with brine and dried with
Na2SO4. Evaporation of the dried organic solution afforded corrisponding aryl triflates.
 (2S)-2-Phenyl-2-(2-trifluoromethansulfonoxyphenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.13), (Scheme 4.8)
Following the general procedure described above, triflic anhydride (0.375
mmol, 105 mg) was added dropwise at 0°C  under argon protection to a
solution of (2S)–2-phenyl-2-(2-hydroxyphenyl)-N-(4-methylphenylsulfonyl)-ethanamine (4.9)
(0.25 mmol, 90.6 mg) in pyridine (1.35 mL). The mixture was allowed to react for 2 hours at
rt. The evaporation of dried organic solution afforded compound (4.13) (yield=91%), as a
semisolid.
1H NMR (CDCl3) δ 2.43 (s, 3H); 3.50- 3.69 (m, 2H); 4.43 (t, 1H, J=7.7 Hz); 4.77- 4.90 NH
(m, 1H); 7.11 (d, 2H, J= 7.3 Hz); 7.20- 7.40 (m, 9H); 7.68 (d, 2H, J= 7.6 Hz).
13C NMR (CDCl3) δ 22.18, 44.31, 47.09, 122.36, 124.42, 127.72, 128.21, 128.62, 129.39,
129.62, 130.45, 134.41, 136.69, 139.44, 144.26, 148.30, 150.44.
2-Phenyl-2-(4,6-dimethyl-2-trifluoromethansulfonoxyphenyl)-1-(4-
methylphenylsulfonyl)-ethanamine (4.33a), (Entry 1, Table 4.6)
Following the general procedure described above, triflic anhydride (0.548
mmol, 153.4 mg) was added dropwise at 0°C  under argon protection to a
solution of 2-phenyl-2-(2-hydroxy-4,6-dimethylphenyl)-N-(4-methyl
NHTs
TfO
NHTs
TfO
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phenylsulfonyl)-ethanamine (4.14) (0.365 mmol, 144.1 mg) in pyridine (2.0 mL). The
mixture was allowed to react for 2 hours at rt. The evaporation of dried organic solution
afforded compound (4.33a) (yield=94%), as a solid (M.p= 98-100°C).
1H NMR (CDCl3) δ 2.14 (s, 3H); 2.34 (s, 3H); 2.43 (s, 3H); 3.48- 3.64 (m, 1H); 3.82- 4.01 (m,
1H); 4.49- 4.62 CH2NH (m, 1H); 4.65- 4.77 (m, 1H); 6.94- 6.99 (m, 2H); 7.04- 7.35 (m, 7H);
7.71 (d, 2H, J= 8.1 Hz).
13C NMR (CDCl3) δ  21.56, 22.16, 30.30, 43.07, 45.03, 120.15, 127.48, 127.79, 128.91,
129.28, 129.71, 130.43, 133.02, 137.15, 139.86, 141.18, 144.21, 149.42.
2-Phenyl-2-(5-methyl-2-trifluoromethansulfonoxyphenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.33b) (Entry 2, Table 4.6).
Following the general procedure described above, triflic anhydride (0.345
mmol, 96.6 mg) was added dropwise at 0°C  under argon protection to a
solution of (2S)-2-phenyl-2-(2-hydroxy-5-methylphenyl)-N-(4-methylphenylsulfonyl)-
ethanamine (4.17a) (0.23 mmol, 87.7 mg) in pyridine (1.25 mL). The mixture was allowed to
react for 2.5 hours at rt. The evaporation of dried organic solution afforded compound (4.33b)
(yield=97%), as a yellow solid.
1H NMR (CDCl3) δ 2.29 (s, 3H); 2.38 (s, 3H); 3.42- 3.57 (m, 2H); 4.32 (t, 1H, J= 7.6 Hz);
4.44- 4.58 CH2NH (m, 1H); 6.98- 7.42 (m, 10H); 7.63 (d, 2H, J= 7.0 Hz).
13C NMR (CDCl3) δ 21.80, 22.20, 44.20, 47.06, 122.18, 125.96, 127.76, 128.20, 128.60,
128.90, 129.63, 129.71, 130.02, 130.14, 130.47, 139.52, 139.58, 144.30.
2-(4-Fluorophenyl)-2-(4,6-dimethyl-2-trifluoromethan
sulfonoxyphenyl)-N-(4-methylphenylsulfonyl)-ethanamine (4.33c)
(Entry 3, Table 4.6).
Following the general procedure described above,triflic anhydride
(0.548 mmol, 153.4 mg) was added dropwise at 0°C  under argon
protection to a solution of 2-(4-fluorophenyl)-2-(2-hydroxy-4,6-dimethylphenyl)-N-(4-
methylphenylsulfonyl)-ethanamine (4.27) (0.365 mmol, 150.7 mg) in pyridine (2.0 mL). The
mixture was allowed to react for 2 hours at rt. The evaporation of dried organic solution
afforded compound (4.33c) (yield=81%), as a solid (M.p= 37- 40°C).
1H NMR (CDCl3) δ 2.09 (s, 3H); 2.25 (s, 3H); 2.27 (s, 3H); 3.45 (ddd, 1H, J1=13.6 Hz,
J2=7.4 Hz, J3=5.4 Hz); 3.84 (ddd, 1H, J1=13.6 Hz, J2=12.8 Hz, J3=7.5 Hz); 4.56- 4.71 (m,
1H); 5.10- 5.22 CH2NH (m, 1H); 6.77- 7.37 (m, 8H); 7.64 (d, 2H, J=8.2 Hz).
TfO
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13C NMR (CDCl3) δ 21.44, 22.05, 30.31, 42.51, 45.19, 115.73, 116.15, 120.04, 127.61,
128.32, 129.30, 132.85, 135.42, 136.94, 139.83, 140.90, 144.13, 149.29, 159.65, 164.53.
 (1S*,2S*)-1-Phenyl-1-(4,6-dimethoxyphenyl-2-triflouro
methansulfoxy)-N-(4-methylphenylsulfonyl)-propan-2-amine (4.33d)
(Scheme 4.12).
Following the general procedure described above,triflic anhydride
(0.548 mmol, 153.4 mg) was added dropwise at 0°C  under argon
protection to a solution of (1S*,2S*)-1-phenyl-1-(2-hydroxy-4,6-dimethoxyphenyl)-N-(4-
methylphenyl sulfonyl)-propan-2-amine (4.29) (0.365 mmol, 161.0 mg) in pyridine (2.0 mL).
The mixture was allowed to react for 2 hours at rt. The evaporation of dried organic solution
afforded compound (4.33d) (yield= 91%), as a solid.
1H NMR (CDCl3) δ 1.15 (d, 3H, J= 6.3Hz); 2.39 (s, 3H); 3.70 (s, 3H); 3.73 (s, 3H); 4.05 (d,
1H, J= 10.4Hz); 4.28- 4.38 CHNH (m, 1H); 4.48- 4.61 (m, 1H); 6.32- 6.40 (m, 2H); 7.00-
7.27 (m, 7H); 7.64 (d, 2H, J= 8.1Hz).
13C NMR (CDCl3) δ 21.72, 50.16, 51.76, 56.26, 56.47, 99.41, 99.92, 111.12, 121.94, 127.44,
127.92, 129.03, 129.13, 130.03, 140.22, 143.52, 149.18, 159.76, 160.58.
General Procedure for the Synthesis of 3-aryl indolines.
Following a slighty modification of a previuosly described procedure for the intramolecular
amination of aryl halides15, in a Schlenk apparatus the substrate (compounds of type 4.33)
(0.22 mmol) was added to a small amount of dry benzene. The solution was evacuated and
backfilled with argon. Then degassed DMSO (1.1 mL), CsOAc (213 mg, 1.1 mmol, 5 equiv.)
and CuI (84 mg, 0.44 mmol, 2 equiv.)  were added under argon protection. The reaction
mixture was then warmed to 120°C, followed by TLC and quenched after the times indicated
in Table 2. The resulting solution was then quenched with ammoniacal aq NaCl and extracted
for three times with diethyl ether. The organic layer was dried with MgSO4, filtered and
evaporated in vacuo. Purification by column chromatography afforded pure cyclized
compounds (compounds of type 4.34).
NHTs
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4,6-Dimethyl-3-phenyl-1-(4-methylphenylsulfonyl)-indoline (4.34a)
(Entry 1, Table 4.6
Following the general procedure described above, a solution of 2-
phenyl-2-(4,6-dimethyl-2-trifluoromethansulfonoxyphenyl)-N-(4-
methylphenyl sulfonyl)-ethanamine (4.33a) (0.22 mmol, 115.9 mg) in degassed DMSO (1.1
mL) was added to a dried mixture of CuI (0.44 mmol, 84 mg) and CsOAc (1.1 mmol, 213
mg) under argon protection. The solution was then warmed to 120°C. The mixture was
allowed to react for 12 hours. The product was isolated (Yield=72%) by column
chromatography eluting with hexanes/AcOEt 7:3, as a solid (M.p= 185-187°C).
1H NMR (CDCl3) δ 1.78 (s, 3H); 2.37 (s, 3H); 2.39 (s, 3H); 3.79- 3.93 (m, 1H); 4.18- 4.32 (m,
2H); 6.62 (br, s, 1H); 6.67- 6.76 (m, 2H); 7.04- 7.23 (m, 5H); 7.47 (br, s, 1H); 7.66 (d, 2H, J=
8.3 Hz).
13C NMR (CDCl3) δ 19.16, 22.23, 30.37, 45.56, 59.59, 113.58, 127.05, 127.26, 127.89,
128.00, 129.25, 130.30, 134.59, 135.92, 139.41, 143.69, 144.57.
5-Methyl-3-phenyl-1-(4-methylphenylsulfonyl)-indoline (4.33b), (Entry
2, Table 4.6).
Following the general procedure described above, a solution of  2-phenyl-2-
(5-methyl-2-trifluoromethansulfonoxyphenyl)-1-(4-methylphenylsulfonyl)-
ethanamine (4.33b) (0.22 mmol, 112.9 mg) in degassed DMSO (1.1 mL) was added to a dried
mixture of CuI (0.44 mmol, 84 mg) and CsOAc (1.1 mmol, 213 mg) under argon protection.
The solution was then warmed to 120°C. The mixture was allowed to react for 12 hours. The
product was isolated (Yield=77%) by column chromatography eluting with hexanes/AcOEt
8:2, as a solid. Rf= 0.34 (hexanes/AcOEt 8:2).
1H NMR (CDCl3) δ 2.20 (s, 3H); 2.38 (s, 3H); 3.74 (dd, 1H, J1=7.9 Hz, J2= 4.4 Hz); 4.24-
4.48 (m, 2H); 6.64 (br, s, 1H); 6.80- 6.91 (m, 2H); 7.03- 7.34 (m, 6H); 7.67- 7.75 (m, 2H).
13C NMR (CDCl3) δ 30.37, 30.99, 47.05, 59.29, 115.49, 126.79 127.70, 127.76, 128.11,
128.45, 129.36, 130.01, 130.16, 130.35, 133.94, 134.29,139.58, 144.40.
4,6-Dimethyl-3-(4-fluorophenyl)-1-(4-methylphenylsulfonyl)-indoline
(4.34c) (Entry 3, Table 4.6).
Following the general procedure described above, a solution of 2-(4-
fluorophenyl)-2-(4,6-dimethyl 2-trifluoromethansulfonoxy phenyl)-1-(4-
methylphenylsulfonyl)-ethanamine (4.33c) (0.22 mmol, 119.8 mg) inNTs
F
N
Ts
N
Ts
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degassed DMSO (1.1 mL) was added to a dried mixture of CuI (0.44 mmol, 84 mg) and
CsOAc (1.1 mmol, 213 mg) under argon protection. The solution was then warmed to 120°C.
The mixture was allowed to react for 12 hours. The product was isolated (Yield=90%) by
column chromatography eluting with hexanes/AcOEt 8:2, as a solid (M.p= 155-157°C). Rf=
0.29 (hexanes/AcOEt 8:2).
1H NMR (CDCl3) δ 1.79 (s, 3H); 2.37 (s, 3H); 2.39 (s, 3H); 3.76- 3.88 (m, 1H); 4.11- 4.31 (m,
2H); 6.58- 6.88 (m, 5H); 7.19 (d, 2H, J= 8.2 Hz); 7.47 (br, s, 1H); 7.64 (d, 2H, J= 8.2 Hz).
13C NMR (CDCl3) δ 19.10, 22.17, 30.38, 44.71, 59.57, 113.73, 115.85, 116.26, 127.16,
127.97, 129.25, 129.41, 130.16, 130.30, 134.62, 135.81, 142, 73, 144.68.
 (2S*,3S*)-4,6-Dimethoxy-2-methyl-3-phenyl-1-(4-methyl phenyl
sulfonyl)-indoline (4.34d), (Entry 4, Table 4.6).
Following the general procedure described above, a solution of (1S*,
2S*)-1-phenyl-1-(4,6-dimethoxyphenyl-2-triflouro methansulfoxy)-2-
(4-methylphenylsulfonyl)-propan-2-amine (4.33d),  (0.22 mmol, 126.1
mg) in degassed DMSO (1.1 mL) was added to a dried mixture of CuI (0.44 mmol, 84 mg)
and CsOAc (1.1 mmol, 213 mg) under argon protection. The solution was then warmed to
120°C. The mixture was allowed to react for 12 hours. The product was isolated (Yield=22%)
by column chromatography eluting with hexanes/AcOEt 8:2, as a solid (M.p= 109-110°C).
1H NMR (CDCl3) δ 1.05 (d, 3H, J= 6.1 Hz); 2.39 (s, 3H); 3.48 (s, 3H); 3.88 (s, 3H); 4.33-
4.42 (m, 2H); 6.14 (d, 1H, J= 2.0 Hz); 6.90- 6.97 (m, 2H); 7.07 (d, 1H, J= 2.0 Hz);  7.16- 7.23
(m, 5H); 7.65 (d, 2H, J= 8.3 Hz).
13C NMR (CDCl3) δ 30.45, 49.66, 56.00, 56.47, 64.45, 94.87, 96.25, 106.91, 110.89, 127.45,
128.17, 128.53, 129.60, 130.37, 139.33, 144.71, 145.20, 157.50, 162.35.
Demonstration of the absolute configuration of compound 4.12.
 (2S)-(+)-3-Phenyl-1-(4-methylphenylsulfonyl)-indoline (4.12)12, (Scheme
4.8)
Following the general procedure described above, a solution of  2-phenyl-2-
(2-trifluoromethansulfonoxyphenyl)-1-(4-methylphenylsulfonyl)-ethanamine
(4.13) (0.22 mmol, 109.8 mg) in degassed DMSO (1.1 mL) was added to a
dried mixture of CuI (0.44 mmol, 84 mg) and CsOAc (1.1 mmol, 213 mg) under argon
protection. The solution was then warmed to 120°C. The mixture was allowed to react for 12
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hours. The product was isolated (Yield=45%) by column chromatography eluting with
hexanes/AcOEt 85:15, as a solid.12
1H NMR (CDCl3) δ 2.39 (s, 1H); 3.67- 3.84 (m, 1H); 4.31- 4.38 (m, 2H); 6.84- 7.09 (m, 4H);
7.17- 7.28 (m, 6H); 7.68 (d, 2H, J= 8.2 Hz); 7.74 (d, 1H, J= 8.3 Hz).
[α]20D= +55.4 (c 0.35, CHCl3).
The absolute configuration (S) was assigned after comparison of the sign of the optical
rotatory power with the value reported in the literature (Lit. [α]20D = +88.9).12
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 80/20, retention times (min): 16.02 (S , major
stereoisomer); 20.67 (R, minor stereoisomer).
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Chapter 5
Metal-catalyzed desymmetrization of bicyclic hydrazines with sp2 carbon
nucleophiles.
5.1 Introduction
5.1.1. 2,3-diazabicyclic systems
Development of new methodologies for the preparation of non-racemic chiral
compounds by means of asymmetric catalysis represents one of the most important target in
organic chemistry. Catalytic synthetic transformation are especially valuable when the
starting material are easily accesible and of low cost. For examples, 2,3-
diazabicyclo[2,2,1]hept-5-ene (Scheme 1, Figure A) or 2,3-diazabicyclo[2,2,2]oct-5-ene
derivatives (Figure B), otherwise called bicyclic hydrazines, can be easily prepared in multi-
gram scale by a hetero Diels-Alder reaction using respectively cyclopentadiene or
cyclohexadiene with azadicarboxylates (Scheme 5.1)1 and represent valid substrates for the
metal-catalyzed ring opening using carbon nucleophiles.
Scheme 5.1. General synthesis of bicyclic hydrazines.
While the study of 2,3-diazabicyclo[2.2.2]oct-5-ene derivatives have not received much
attention, in the last few years several works concerning the metal-catalyzed reaction of
hetero- and C-nucleophiles with  2,3-diazabicyclo[2.2.1]hept-5-ene derivatives have been
described in literature. In particular, the desymmetrization of these substrates by ring-opening
reaction using C-nucleophiles is very interesting because it allows the formation of a new C-C
bond and two stereocenters in a single operation. Several transformations of 2,3-
diazabicyclo[2.2.1]hept-5-ene derivatives are possible and some examples are displayed in
Scheme 5.2.
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Scheme 5.2. Desymmetrization of bicylic hydrazines.
In the last few years, several catalytic approches for the desymmetrization of bicyclic
hydrazines have been described. Micouin and co-workers reported a Pd(0)-catalyzed allylic
substitution of the bicyclic hydrazine 5a with O- and C-nucleophiles to give the desired ring-
opened products with high diastereoselectivity and good yields (Scheme 5.3).
Scheme 5.3. Pd-catalyzed ring-opening of bicylic hydrazine 5a.
The ring-opening reaction occurred in the presence of catalytic amount of Pd(allyl)Cl2 (4.8
mol%), which was reduced in situ by a low amount of NaH,  and diphenylphosphinoferrocene
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as ligand. These conditions allows the allylic substitution reaction with O-nucleophiles
(particularly phenolic derivatives), but also with C-nucleophiles such as nitromethane or
malonates, which were previously deprotonated by the use of a stoichiometric amount of
NaH. It is worth mentioning that 3,5-disubstituted hydrazino cyclopentenes obtained with this
protocol represent useful intermediates for the synthesis of heterocycles components by
elaboration of the hydrazine moiety. The same authors also reported that the use of (R)-2-(2-
(diphenylphosphino)phenyl)-4,5-dihydrooxazole ((R)-PHOX) as ligand in the Pd2dba3-
catalyzed ring-opening reaction of bicyclic-hydrazine 5a with phenol permits the obtainment
of the desired product 5.1 in an enantionenriched form (50% ee) (Scheme 5.4).
ciej
Scheme 5.4. Pd-catalyzed enantioselective ring-opening of bicylic hydrazine 5a with phenol.
It should be noted that protecting group of hydrazine plays an important role with regard to
the enantioselectivity of the reaction since only using hydrazine 5a it was possible to obtain
the ring-opening product of type 5.1 in an enantioenriched form. On the other hand, it is
worth mentioning that, despite these results obtained using O-nucleophiles, the
enantioselective addition of C-nucleophiles was not reported in this work.
A significant advance towards the desymmetrization of bicyclic hydrazines with C-
nucleophiles was reported Kaufmann and co-workers.3 In this work, the authors described a
Pd-catalyzed hydroarylation of bicyclic hydrazine 5b with aryl halides to give the the hydro-
arylation product 5.2, in which the formation of the new C-C bond did not foresees the ring
opening of the starting hydrazine 5b (Scheme 5.5).
Scheme 5.5. Pd-catalyzed ring-opening of bicylic hydrazine 5b with aryl halides.
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Very interestingly, with the expected product 5.2, the reaction afforded also anti-3-aryl-4-
hydrazino cyclopentene derivative  5.3, where the addition of the sp2 nucleophile with the
cleavage of the C-N bond of the bicyclic systems had occurred. In order to increase the
amount of the product of type 5.3 into the reaction mixture, the authors tried several more
hindered bicyclic hydrazines and they found that the use of rigid, polycyclic hydrazines
allowed the obtainment of a consistent amount of the desired ring-opened product, although
in mixture with the hydro-arylation product. Moreover, the use of an inorganic base seems to
be important with regard to the obtainment of a increased amount of the ring-opened product.
In particular, the use of hydrazine 5c, deriving from the reaction of cyclopentadiene and 4-
phenyl-1,2,4-triazolin-3,5-dione, in the Pd-catalyzed reaction of PhI in the presence of NaF
permits the obtainment of the anti-ring-opened product 5.4 with acceptable yield (46%), even
if the hydro-arylation product 5.5 was still obtained (Scheme 5.6).4
Scheme 5.6. Pd-catalyzed ring-opening of bicylic hydrazine 5c with phenyl iodide.
With regard to the mechanism of this reaction, the autors assumed a first exo-selective
addition (carbo-palladiation) of the [ArPdX] specie (A), obtained in situ, to the double bond
of the bicyclic systems to give the intermediate B (Scheme 5.7). At this point, the reaction can
take two ways: a pathway C, where the formation of the hydro-arylation product 5.5 is
promoted by the presence of formic acid, or a pathway D, where the inorganic base favours
the ring-opened product 5.4 by the C-N bond cleavage of the azabicyclic system.
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Figure 5.7. Plausible mechanism for the Pd-catalyzed ring-opening of hydrazine 5c.
An efficient protocol for the exclusive obtainment of products of type 5.4 (see Scheme
5.6) was reported recently by Radhakrishnan and co-workers.5 In this work, the use of a
Pd(0)/Lewis acid catalytic system allowed the ring opening of bicyclic hydrazine 5b with
organostannanes to give the desired 3,4-disubstituted hydrazinocyclopentene derivatives  with
high anti-diastereoselectivity and with very good yields (Scheme 5.8).
Figure 5.8. Pd-catalyzed ring-opening of hydrazine 5b with organostannanes.
It should be noted that the presence of a Lewis acid was crucial for the obtainment of the ring-
opened product and the best results were obtained using Sc(OTf)3. Likely, Lewis acid, after
its coordination to the protecting group of the hydrazine, is able to promote the C-N bond
cleavage and in this way give the desired ring-opened product.
A significant advance towards asymmetric ring-opening of bicyclic hydrazines with C-
nucleophiles was reported recently by Pineschi and co-workers.6 In this work, the authors
reported the regio- and anti-stereoselective asymmetric ring-opening of bicyclic hydrazines
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with hard alkyl metals, such as trialkyl aluminium reagents, using copper-phosphoroamidite
catalysts (Scheme 5.9).
Scheme 5.9. Enantioselective desymmetrization of polycyclic hydrazines 5c,d with trialkyl
aluminium reagents.
Looking at the Scheme 5.9, it can be observed that the use of the copper-phosphoramidites
chiral systems allows the obtainment of the desired 3,4-disubstituted hydrazino cyclopentene
derivatives with total anti-diastereoselctivity and, for the first time, good ee (up to 86%).
However, it is worth mentioning that the authors reported that sp2 nucleophiles such as
substituted vinylic alanes or AlPh3 proved to be only scarcely reactive in these reaction
conditions (<10% conversion at 0°C after 18h).
To sum up, it can be observed that, while the asymmetric ring opening of 2,3-
diazabicyclo[2.2.1]hept-5-ene derivatives 5a,d with sp3 nucleophiles or O-nucleophiles is
reported in literature, the use of sp2 nucleophiles in this reaction has not been described so far.
For this reason we tought to explore the possibility to develop a new asymmetric ring-opening
of bicyclic hydrazines with sp2 nucleophiles and we found that aryl and alkenylboronic acid
represent very useful reagents in this particular synthetic transformation.
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5.1.2. Asymmetric arylation of activated alkenes with boronic acid derivatives.
In the last few years, the metal-catalyzed addition of boronic acid derivatives has
become the method of choice for the introduction of aryl and alkenyl moieties to activated
alkenes. Infact, with respect to others organometallic reagents such as Ph2Zn, boronic acids
derivatives present some interesting characteristics such as high termal stability and no
toxicity. Moreover, they are air and moisture tolerant, easy to prepare by various synthetic
approaches and the low nucleophilicity of aryl boronic acid derivatives allows also a modular
reactivity of these nucleophiles.
Even if the metal-catalyzed arylation of activated alkenes, such as enones, with
arylboronic acid had been already reported,7 the use of these nucleophilic reagents in the
asymmetric version of this kind of synthetic transformation was introduced for the first time
by Hayashi and Miyaura in 1998.8 In this work, the authors reported the highly
enantioselective arylation of cyclohex-2-enone with phenylboronic acid using the rhodium(I)-
BINAP chiral catalyst (Scheme 5.10).
Scheme 5.10. Rhodium-catalyzed asymmetric arylation of cyclohex-2-enone with
phenylboronic acid.
While the use of aqueous dioxane is crucial for the obtainment of compound 5.6 in
enantioenriched form, it should be noted that, in these conditions, an important amount of
phenylboronic acid ondergoes hydrolytic deboronation with subsequent reduction of the yield
of the process. In order to get round this problem, the authors reported that the use of an
excess of nucleophilic reagent (2.5 up to 10 equiv.) allows to overcome this problem giving
the desired product 5.6 with high yields. It is also worth mentioning that, during the following
years, the same authors have extented this synthetic protocol to a large variety of activated
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alkenes such as nitroalkenes, alkenylphosphonates and α,β-unsaturated esters or amides,
obtaining excellent results with regard to yields and enantioselectivities.
Next to these efforts, it should be noted that the metal catalyzed addition of sp2 boronic
acid derivatives has been succesfully applied also to heterobicylic alkenes such as 7-
oxanorbornene derivatives. In this field, Murakami and co-workers reported the Rh-catalyzed
addition of aryl and alkenyl boronic acids to oxabenzonorbornene 5.7 in methanol to give the
corresponding ring-opened products with high syn-stereooselectivity and very good yields
(Scheme 5.11).9
Scheme 5.11. Rhodium-catalyzed stereoselective ring opening of compound 5.7 with
alkenyl and arylboronic acids.
Looking at the Scheme 5.11, it can be observed that the presence of a base was fundamental
since the reaction carried out without a base afforded the desired ring-opened products with a
lower yield annd longer reaction time (yield= 14% after 24h at 70°C). Furthermore, the use of
a aprotic solvent such as THF in the reaction of compound 5.7 with phenylboronic acid
afforded the desired products with a lower yield (yield= 38% after 24h at 70°C) with respect
to the relative reaction carried out using a protic solvent such as methanol (86% after 15 min
at 70°C). At last, of particular interest was that hydrolytic deboronation of phenylboronic acid
was minimized under these reaction conditions; the use of only 1.1 equiv. of phenylboronic
acid was sufficient to obtain a product yield of 86%, whereas competing hydrolytic
degradation reactions demanded the use of an excess of arylboronic acid ranging from 2.5
equiv. up to 10 equiv. in the previously reported rhodium-catalyzed addition reactions
described in the Scheme 5.10.
A significant advance towards the metal-catalyzed asymmetric desymmetrization of  7-
oxanorbornene derivatives with boronic acids was reported Lautens and co-workers in 2002.10
The Rh-catalyzed asymmetric ring-opening of oxabicyclic alkene 5.8 with arylboronic acids
occurred in aqueous THF at room temperature in the presence of catalytic amounts of a
Rh(I)/Josiphos complex to give the desired ring-opened products in a highly
diastereoselective and enantioselective manner (Scheme 5.12).
+ RB(OH2)
( 1.1 equiv.)
O [Rh(cod)Cl]2 (3.0 mol%)
P(OEt)3 (6.0 mol%)
NaHCO3 (2.0 equiv.)
MeOH, reflux
R
OH5.7
R= alkenyl, aryl
yields= 72- 90%
195
Scheme 5.12. Asymmetric ring-opening of oxabicycle 5.8 with boronic acids derivatives.
While analogous results were obtained during this study using alkenyl boronic acids, it should
be noted that oxabicyclic alkene 5.7 (see Scheme 5.11) underwent attack of phenylboronic
acid in this conditions to give the desired dihydronaphtalene derivatives with high
enantioselectivity (92% ee) but with a very low yield (20%). Surprisingly, better results were
obtained with the ethylene glycol ester of PhB(OH)2 using the standard reaction conditions
described in the Scheme 5.12 (72% yield, 92% ee). With regard to the mechanism of this
ring-opening reaction, the authors hypothesized the catalytic cycle described in the Scheme
5.13.
Scheme 5.13. Proposed mechanism for the asymmetric desymmetrization of oxabicycles with
boronic acids derivatives.
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The first step involves a transmetalation of the arylboronic acid to Rh(I) chloride or
hydroxide. This species will then undergo an exo-selective asymmetric carborhodation at the
oxabicyle olefin to generate intermediate A (Scheme 5.13). β-Elimination of oxygen to give
ring-opened intermediate B occurs, followed by hydrolysis to liberate the ring-opened product
and rhodium (I) hydroxide.
Very recently, Lautens and co-workers reported also the use of phenyl boronic acids in
the asymmetric ring-opening of N-protected-7-azabenzonorbornene derivatives,11 another
class of byclic alkenes. In the total synthesis of (+)-homochelidonine, the use of a Pd(II)-Tol-
BINAP catalytic system allows the ring opening in MeOH at room temperature of substrate
5.9 with boronic acid 5.10 to give the dihydronaphtalene derivative 5.11 with good yield and
enantioselectivity (Scheme 5.14).
Scheme 5.14. Ring-opening of compound 5.9 with boronic acid 5.10.
Although very efficient reactions have been developed for the desymmetrization of 7-
heteronorbornene derivatives using boronic acids, bicyclic hydrazines have received much
less attention. In this field, Radhakrishnan and co-workers reported that bicyclic hydrazines
undergoes the palladium-iodide mediated stereoselective ring-opening with a variety of
arylboronic acids affording trans-3,4-disubstituted hydrazino cyclopentenes derivatives with
good to excellent yields (Scheme 5.15).12
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Scheme 5.15. Palladium-iodide mediated stereoselective ring-opening of bicyclic hydrazines
with arylboronic acids.
As stated for the described Pd-catalyzed ring-opening of bicyclic hydrazines with
organostannanes reported by the same research group (see Scheme 5.8, ref. 5), the presence of
a Lewis acid, able to promote the C-N bond cleavage after its coordination to a heteroatom of
protecting group of hydrazine moiety, is fundamental for the obtainment of the desired ring-
opening products in good yields. It should be noted that bicyclic hydrazines react in these
conditions also using heteroaryl boronic acids such as furan-2-ylboronic acid, giving the
desired trans heteroaryl substituted hydrazinocyclopentenes in good yields and high
diastereoselectivity.
Very recently and successively to our study, Lautens and co-workers reported the Rh-
catalyzed desymmetrization of bicyclic hydrazines with acyl anion nucleophiles to give trans-
1,2-hydrazinoacyl cyclopentenes with good yields and high diastereoselectivity.13 The acyl
anion (A) was generated in situ by the insertion of CO gas into the organometallic bond
deriving from the transmetalation of arylboronic acid to Rh(I) catalyst as summarized in
Scheme 5.16.
Scheme 5.16. Rh(I)-catalyzed carbonylative ring-opening of bicyclic hydrazines.
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With regard to the proposed mechanism for this Rh(I) catalyzed desymmetrization, the
authors reported that the transmetalation step was followed by the exo-selective
carborhodation of the species A at the bicyclic hydrazine olefin to generate the intermediate B
(see Scheme 5.13, ref.10). The subsequent β-elimination of oxygen and hydrolysis afforded
the desired ring-opened products with high yields as described in the Scheme 5.16. While the
nature of the hydrazine protecting groups was found to insignificant on the reaction outcome,
it was observed that this reaction worked best with electron-rich and elecroneutral arylboronic
acids. It is also worth mentioning that the authors reported that attempts to render this reaction
enatioselective did not lead to satisfactory results.
Based on the works reported in this intoductory section, it should be noted that no
examples of asymmetric ring-opening of bicyclic hydrazines with aryl organometallic
reagents has been described so far. In order to address this problem we turned our attention to
the use of chiral rhodium catalysts in combination with air and moisture tolerant arylboronic
acids for the enantioselective desymmetrization of these substrates.
5.2 Results and discussion
5.2.1. Rhodium-catalyzed desymmetrization of 2,3-diazabicyclo[2,2,1]hept-5-ene derivatives
with aryl boronic acids.14
In order to investigate the efficiency of rhodium-catalysts in the ring opening reaction
of 2,3-diazabicyclo[2,2,1]hept-5-ene derivatives, we carried out a preliminary screening of
the reaction using phenyl boronic acids as nucleophilic reagents and some of the bicyclic
hydrazines described in the introductory section (for the synthesis of this substrates, see
experimental section).
In first instance, we thought to adopt the reaction conditions described by Miyaura and
Hayashi for the Rh-catalyzed asymmetric arylation of activated olefins (see Scheme 5.10,
ref.8). In this way, for our preliminary study we used hydrazine 5c, [Rh(C2H4)2Cl]2 as
rhodium source and the ligand L2, obtaining the results described in the Scheme 5.17.
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Scheme 5.17. Diastereoselective ring-opening of compound 5c with phenylboronic acid.
These reaction conditions allowed the obtainment of the desired ring-opening product 5.12
with high regioselectivity, good yield (77%) and total anti-diastereoselectivity although in
racemic form. Despite the promising result obtaining with the procedure summarized in the
Scheme 5.17, we thought to continue our investigation looking for other reaction conditions
able to increase the yield and the rate of our ring-opening reaction. With our pleasure, we
observed that the use of PhB(OH)2 (2.0 equiv.) in MeOH in combination with [Rh(cod)Cl]2
(cod=cycloocta-1,5-diene) (3.0 mol%), ligand L2 (12.0 mol%) and NaHCO3 gave complete
conversion in less than 1h at 65°C for both polycyclic hydrazines 5c and 5d and ring-opened
adduct 5.12 and 5.13 were isolated in good yields after chromatographic purification on silica
gel (Scheme 5.18).9
Scheme 5.18. Rh-catalyzed ring-opening of compounds 5c and 5d  with phenylboronic acid.
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The efficiency of these reaction conditions can be observed also considering the good yield
(68%) of compound 5.13 (Scheme 5.18) with respect to the result obtained in the ring opening
of substrate 5d with phenylboronic acid using the protocol described in the Scheme 5.17
(yield 27% after 18h at 100°C).
In order to demonstrate the relative configuration of 3-phenyl-4-hydrazinocyclopentene
derivatives 5.12 and 5.13 obtained during our study (Scheme 5.18), we thought to synthetize
the same compounds exploiting known diastereoselective procedures able to give the desired
ring-opening product with a defined stereochemistry. In particular, the use of a palladium-
catalyzed arylation of hydrazine 5c with iodobenzene could be an useful term of comparison
since, in this work, the authors not only synthetized the compound 5.12 but they also
demostrated the anti-stereoselectivity of their ring-opening reaction by X-ray analysis of the
purified compound.4 Therefore, we used the protocol described by Kaufmann obtaining the
desired product 5.12,  even if in mixture with the hydro-arylation compound 5.12a, with a
yield of 17% after purification by preparative TLC (Scheme 5.19).
Scheme 5.19. Pd-catalyzed ring-opening of compounds 5c  with iodobenzene (Kaufmann
Reaction)4.
At this point, the demonstration of the diastereoselectivity of the Rh(I)-catalyzed ring-opening
reaction of bicyclic hydrazines with arylboronic could be easily deduced comparing the 1H
NMR, 13C NMR spectra and HPLC chromatograms of compound 5.12 obtained with our
protocol with the product deriving from Kaufmann reaction4 (Scheme 5.19). In this manner
we were able to unequivocally demonstrate, in first instance, the relative configuration of
compound 5.12 and, as a consequence, the anti-diastereoselectivity of our ring-opening
reaction.
In order to obtain an asymmetric ring opening of hydrazines of type 5 with arylboronic
acids, we thought to continue our investigation using some representative structurally
different monodentate (L2), bidentate (L3, L4 , L5 and L6) and tridentate (L7) ligands
(Scheme 5.20). It should be noted that all ligands used in this study are commercially
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available except for ligands L3 and L7, which were synthetized in our laboratory using
procedures described in the literature (see experimental section for details).15, 16
Scheme 5.20. Chiral phosphorous-containing ligands used in this study.
Despite the promising results obtained with hydrazines 5c and 5d (Scheme 5.18), our efforts
to develop an asymmetric version of this reaction were focused on the most simple hydrazine
5b, because ring-opened products 5.12 and 5.13, deriving respectively from 5c and 5d, have a
very low solubility in common organic solvents thus complicating their HPLC analysis for the
enantioselectivity determination. A first screening was carried out in order to investigate the
effect of “rhodium source” and chiral ligand on the enantioselectivity of ring opening reaction
of bicyclic hydrazine 5b with phenylboronic acid and the results obtained are summarized in
the Table 5.1.
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Table 5.1 Rh(I)-catalyzed desymmetrization of compound 5b with phenylboronic acid.a
Entry Rh(I) salt Ligand Time (h) Conv.b (%) Eec (%)
1 [Rh(cod)Cl]2 L2 2 >98 0
2 [Rh(C2H4)2Cl]2 L2 2 >98 10
3 [Rh(C2H4)2Cl]2 L3 1 >98 16
4 [Rh(cod)Cl]2 L4 22 90 0
5 [Rh(cod)OH]2 L4 22 88 8
6 [Rh(C2H4)2Cl]2 L4 22 82 25
7 [Rh(C2H4)2acac] L4 24 80 Nd
8 [Rh(C2H4)2Cl]2 L5 22 35 52
9 [Rh(C2H4)2Cl]2 L6 24 <20 Nd
10d [Rh(C2H4)2Cl]2 L4 24 88 60
11e [Rh(C2H4)2Cl]2 L4 24 82 6
12f [Rh(C2H4)2Cl]2 L4 12 >98 52
13 g [Rh(C2H4)2Cl]2 L4 24 >98 42
14 h [Rh(C2H4)2Cl]2 L4 24 50 47
15 [Rh(C2H4)2Cl]2 L7 12 >98 18
aAll reactions were carried at 65°C in accordance with the general procedure (see experimental
section). bDetermined by 1H NMR examination of the crude mixture. cDetermined by HPLC on chiral
stationary phase. dReaction carried out with 2.0 equiv. of the ethylene glycolester of phenylboronic
acid.eReaction carried out without and added base. fReaction carried out with CsF. gReaction carried
out with K2CO3. hReaction carried out with NEt3.
Looking at the Table 5.1, it should be noted that the use of ligands containing an electron-
poor phosphorous such as (S)-Monophos (L2) and the Binol-derived phosphite (L3), gave a
fast reaction and complete conversion was reached within 2h at 65°C (entries 1-3), while the
use of chiral diphosphines of various kinds (ligand L4- L6), delayed the reactions, but gave
significant level of enantioselection (entries 4- 10). An unsatisfactory reactivity was obtained
with the ferrocenyl diphosphine L6. Probably, the better π-acceptor ability of ligands L1 and
L2 gives the rhodium catalyst a more electrophilic character and a increased reactivity.
However, a better selectivity of the enantiotopic reaction sites of the strained double bond
present in 5b was associated with the use of rhodium complexes with electron-richer
bidentate phosphines L3 and L4 . Also the rhodium catalyst precursor influenced the
enantioselectivity, with the best results obtained with [Rh(C2H4)2Cl]2 (entries 6, 8 and 10). The
use of [Rh(cod)Cl]2 generally showed an increased reactivity but a lesser enantioselectivity
(compare entries 4-6) while [Rh(C2H4)2acac], which is a rhodium salt widely used in
asymmetric addition to α,β-unsaturated compounds,8 gave a very low conversion and mixture
N
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COOEt
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of products (entry 7). Very interestingly, in contrast with the previously reported rhodium-
catalyzed addition of arylboronic acid to 7-heteronorbornene derivatives (see introductory
section, Schemes 5.11, 5.12 and 5.14), the presence of a base is not essential in order to effect
the reaction, even if ring-opened product 5.14 was obtained with a slightly lower rate and
with a poor enantioselectivity (entry 11). However, the choice of the bas had a certain
influence on the reaction course (entries 6, 12-14), with the best results obtained with 2.0
equivalent of CsF (entry 12). Very interestingly, the use of the glycol ester of the phenyl
boronic acid gave a slightly improved enantioselectivity (entry 10). Therefore, we thought to
continue our investigation synthetizing several esters of phenylboronic acid by dehydration
reaction of the boronic acid with the corrisponding diol carried out in a Dean-Stark apparatus,
followed by distillation as displayed in the scheme 5.21.
Scheme 5.21. Synthesis of boronic esters.
All boronic esters I-V synthetized were then tested in the ring-opening reaction of hydrazine
5b. In this case, the reaction was carried out in methanol at 65°C using 2.0 equivalents of
nucleophilic reagent in combination with [Rh(C2H4)2Cl]2 (3.0 mol%) as rhodium salt, (R)-Tol-
BINAP (6.0 mol%) and NaHCO3 (2.0 equiv.) (Table 5.2).
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Table 5.2. Asymmetric ring-opening of compound 5b with phenylboronic esters.a
Entry Ester Time (h) Conv.b (%) Eec (%)
1 I 24 88 60
2 II 24 75 60
3 III 22 72 48
4 IV 24 3 Nd
5 (+)-V 18 >98 20
6 (-)-V 18 96 18
aAll reactions were carried out at 65°C with 3.0 mol% of [Rh(C2H4)2Cl]2 and 6.0 mol% of chiral ligand
L4 . bDetermined by 1H NMR examination of the crude mixture. cDetermined by HPLC on chiral
stationary phase.
Looking at the Table 5.2, it should be noted that good results with regard to the conversion
and the enantioselectivity were obtained by the use of ester II and III (entries 2 and 3), while
the use of esters IV deriving from phenyl boronic acid and cathecol displayed a total absence
of reactivity (entry 4). Moreover, the use of ester V, made with phenylboronic acid and
optically active diisopropyltartrate, displayed an increased reactivity, but a lesser
enantioselectivity with respect to the ring-opening reaction carried out with ester I was
observed.
The high regio- and anti-stereoselectivity observed in the Rh(I)-catalyzed ring opening
reaction of 2,3-diazabicycles of type 5  might be explained by the catalytic cycle described by
Lautens and co-workers for the Rh(I)-catalyzed ring-opening reaction of 7-heteronorbornene
derivatives with phenylboronic acid (Scheme 5.22).10 The first step of this hypothetic
mechanism involves the transmetalation of the aryl moiety from boron to rhodium (A),
followed by a stereo- and enantioselective carborhodation at the enantiotopic reaction sites of
the strained double bond to generate the key intermediate B. Subsequent β-elimination of
nitrogen would give the ring-opened intermediate C, followed by methanolyisis to liberate the
3-phenyl-4-hydrazino cyclopentene derivatives in enantioenriched form.
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Scheme 5.22. Proposed catalytic cycle.
To explain the high anti-stereoselectivity of the ring-opening reaction of bicyclic hydrazines
of type 5 in our conditions, it could be assumed that the carborhodation step (Scheme 5.22, B)
occurs on the less hindered exo-face of the bicyclic system. However, it is worth mentioning
that, even if the mechanism displayed in the Scheme 5.22 would be able to explain the anti-
stereoselectivity and high regioselectivity of our ring-opening reaction, it cannot describe
exhaustively the enantioselective outcome of this Rh(I)-catalyzed desymmetrization since
some results obtained during our investigation, such as the influence of the base (Table 5.1,
entries 12-14) or the influence of the esterification of boronic acid derivatives (Table 5.2) on
the enantioselectivity of the reaction, remain still unclear.
In order to explore the reaction further, we next studied the use of other potential
sources of phenyl groups in the asymmetric ring-opening of hydrazine 5b, obtaining the
results summarized in the Table 5.3.
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Table 5.3. Rh(I)-catalyzed ARO of compound 5b with other phenyl organometallic reagentsa.
Entry Aryl source Ligand Solvent yieldb (%) Eec (%)
1 PhLi+ZnCl2 L3 THF 82 46
2 PhLi+ZnCl2 L4 THF Nd Nd
3 PhLi+ZnCl2 L2 THF 8 30
4 Ph3B P(OEt)3 MeOH 85 NA
5 Ph3B L2 MeOH 78 36
6 Ph3B L4 MeOH 72 55
7 Ph3B L5 MeOH 22 0
8 PhBF3K L4 MeOH 25 2
aAll reactions were performed at 65°C with 3mol% of [Rh(C2H4)2Cl]2, 7.5 mol% of ligand and with 2.0
equiv. of the organometallic reagent. bIsolated yield of compound 5.14 after chromatographic
purification. cDetermined by HPLC on chiral stationary phase.
A first study was carried with phenyl zinc chloride, which was prepared by methatesis from
PhLi and ZnCl2 and is known to be an effective nucleophile for the rhodium-catalyzed
asymmetric 1-4 addition to activated olefins.18 Using this nucleophile, the ring opening
reactions were performed in anhydrous THF with 3.0 mol% of [Rh(C2H4)2Cl]2, and 7.5 mol%
of a chiral ligand. In these reaction conditions, the best results were obtained with the
diphosphite ligand L3 (Table 5.3, entry 1), whereas other ligands tested gave an incomplete
conversion and the formation of mixture of products (entries 2, 3). It should be noted that
attempts to generate aryl zinc compounds in ethereal solvents from aryl iodides and zinc
powder,19 and by boron-to-zinc exchange procedures (from Ph3B and PhB(OH)2 + Et2Zn),20
proved not to be effective arylating agents in our reaction conditions (data not reported in
table 5.3). On the other hand, the use of simple Ph3B in combination with 3.0 mol% of
[Rh(C2H4)2Cl]2, and 7.5 mol% of a chiral ligand gave in some cases, moderate
enantioselectivities and satisfactory isolated yields of the arylated product 5.14 (entries 5 and
6). This last result is quite interesting since, to the best of our knowledge, the use of
triphenylborane as  a mild nucleophilic agent in a ring-opening process has not been reported
so far. Moreover, the use of moisture stable and easily-available potassium
organotrifluoroborates21 in combination with catalytic amounts of Rh(I)-complex with ligand
L4, afforded compound 5.14 with low yield and in racemic form (Table 5.3, entry 8).
To extend the scope of this arylative asymmetric ring-opening of bicyclic hydrazines, a
number of aryl boronic acids were then tested in the reaction with 5b. A first detailed study
was effected using p-iodo substituted phenylboronic acid and the results obtained are
summarized in the Table 5.4.
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Table 5.4. Ring-opening of compound 5b with p-iodophenyl boronic acid derivatives
Entry Ligand Base Time (h) Conv.b (%) Yieldc (%) Eed (%)
1e L2 NaHCO3 21 >98 75 0
2 L4 NaHCO3 18 >98 60 52
3 L4 CsF 26 >98 62 54
4 L5 NaHCO3 48 0 Nd -
5 L6 NaHCO3 36 >98 19 0
6f L4 NaHCO3 18 >98 20 58
7g L4 NaHCO3 18 44 Nd 66
aAll reactions were performed at 65°C with 3mol% of [Rh(C2H4)2Cl]2. bDetermined by 1H NMR
examination of the crude mixture. cIsolated yield of compound 5.15 after chromatographic purification.
dDetermined by HPLC on chiral stationary phase. eReaction carried out with 12mol% of Ligand L2.
fReaction carried out 2.0 equiv. of the corrisponding glycol ester. gReaction carried out 2.0 equiv. the
corrisponding potassium organotrifluoro borate.
The use of ligand L4 allowed the formation of the desired compound 5.15 with good yield
and acceptable enantioselectivity apart from the choice of the base (entries 2 and 3), while the
the reaction carried out with ligand L2 afforded the corrisponding 3-aryl-4-hydrazino
cyclopentene derivative 5.15 with an increased yield but in racemic form (entry 1). On the
other hand, the use of chiral ligand L5 proved to be totally uneffective (entry 4), whereas the
reaction of ferrocenyl type ligand L6 gave complete conversion affording the desired
compound 5.16 in poor yield and racemic form (entry 5). It also should be noted that the use
of p-I-C6H4BF3K proved to be effective arylative agent giving the ring-opening reaction with
good enantioselectivity (entry 7), in contrast with the result obtained with potassium phenyl
trifluoroborate(Table 5.3, entry 8).
After the study carried out with p -iodo phenylboronic acid, we continued our
investigation using p-tolyl boronic acid. In this case, the ring-opening reactions were carried
out with 3.0 mol% of [Rh(C2H4)2Cl]2 and 6.0 mol% of (R)-Tol-BINAP obtaining the results
displayed in Scheme 5.23.
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Scheme 5.23. Rh(I)-catalyzed ring-opening of hydrazine 5b with p-tolylboronic acid.
As stated for the ring-opening of hydrazine 5b with phenylboronic acid (Table 5.1), the use of
CsF had a certain influence on the reaction course giving the desired compound 5.16 with an
increased yield and enantioselectivity (yield=90%, 46% ee) with respect to the same reaction
carried out in the presence of NaHCO3 (yield=60%, 31% ee).
The efficiency of p-substituted phenylboronic acid in these Rh(I)-catalyzed
desymmetrization of bicyclic hydrazines could be observed also considering the ring-opening
reaction substrates 5b with p-methoxy phenylboronic acid (Table 5.24). It should be noted
that also in this case the use of 2.0 equivalents of CsF represents the best compromise with
regard to the reactivity and the enantioselectivity of the ring-opening reaction.
Scheme 5.24. Rh(I)-catalyzed ring-opening of hydrazine 5b with p-methoxyphenyl boronic
acid.
Despite the promising results obtained with p-methoxyphenylboronic acid, the use of o-
and m -methoxyphenylboronic acids proved not to be enantioselective in this reaction
conditions (Table 5.5).
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Table 5.5. Rh(I)-catalyzed ring-opening of hydrazine 5b with o- and m-methoxyphenyl
boronic acids.a
Entry Ligand Ar Time (h) Conv.b (%) Yieldc (%) Ee (%)
1d L2 m-OMe-C6H4 18 >98 88 0
2 L4 m-OMe-C6H4 18 >98 90 0
3d L2 o-OMe-C6H4 18 >98 55 0
4 L4 o-OMe-C6H4 18 40 35 0
aAll reactions were performed at 65°C with 3mol% of [Rh(C2H4)2Cl]2 in the presence of 2.0 equiv of
NaHCO3 bDetermined by 1H NMR examination of the crude mixture. cIsolated yield of compound 5.15
after chromatographic purification. dReaction carried out with 12mol% of Ligand L2.
Looking at the Table 5.5, it should be noted that the ring opening reaction of hydrazine 5b
with m-methoxyphenylboronic acid afforded racemic 5.18 in very good yields apart from the
nature of the phosphorous ligands employed (entries 1 and 2). On the other hand, the use of o-
methoxyphenylboronic acid the reaction with 5b in the presence of chiral ligand L4 afforded
the desired compound 5.19 with a low yield and in racemic form (entry 4). The same reaction
carried out in the presence of electron-poor ligand such as (S)-Monophos L2, which is able to
give the rhodium catalyst a more electrophilic character and an increased reactivity (for
details, see Table 5.1), afforded 5.19 with acceptable yields (55%, entry 3).
In sharp contrast with the results obtained using p-substituted arylboronic acids (for
details, see Table 5.4 and Schemes 5.3 and 5.4) the use of p-cyanophenylboronic acid in the
desymmetrization of 5b under the standard reaction conditions (3.0 mol% of [Rh(C2H4)2Cl]2
in combination with 6.0 mol% of (R)-Tol-BINAP) proved to be totally uneffective. On the
other hand, the use of 3.0 mol% of [Rh(cod)Cl]2 and 12 mol% of (S)-Monophos allowed the
obtainment of desired compound 5.20, although with incomplete conversion and in racemic
form (Scheme 5.25). Moreover, the addition of m-cyanophenylboronic acid occurred smootly,
to give the corrisponding adduct 5.21 with good yields and modest enantioselectivity (yield=
65%, ee=12%).
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Scheme 5.25. Rh(I)-catalyzed ring-opening of hydrazine 5b with p- and m-cyanophenyl
boronic acids.
Very interestingly, the use of m-fluorophenylboronic acid allowed the obtainment of
the 3-aryl-4-hydrazinocyclopentene derivative 5.22 with very high yields and appreciable
enantioselectivity (Scheme 5.26). It is worth mentioning that, in this case, attempts to increase
the enantioselectivity using a different rhodium source, such as [Rh(acac)(C2H4)2], or  another
base (K2CO3) gave unsatisfactory results affording respectively the corrisponding compound
5.22 with 33% ee and 60% ee.
Scheme 5.26. Rh(I)-catalyzed ring-opening of hydrazine 5b with m-fluorophenyl boronic
acid.
With regard to the enantioselective outcome of the ring-opening reactions of hydrazine
5b with arylboronic acid, the best results were achieved by the use of m-nitrophenylboronic
acid. Using the standard condition  (3.0 mol% of [Rh(C2H4)2Cl]2 in combination with 6.0
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mol% of (R)-Tol-BINAP and 2.0 equiv. of NaHCO3), the addition of m-nitrophenylboronic
acid proceeded slowly, to give the compound 5.23 with a very high enantioselectivity (88%
ee, Table 5.6 entry 1). After this promising result, we carried out a detailed screening of the
reaction using different kind of rhodium-catalysts and chiral ligands in order to improve the
reaction efficiency (Table 5.6).
Table 5.6. Rh(I)-catalyzed ring-opening of hydrazine 5b with m-nitrophenyl boronic acid.
Entry Rh(I) Ligand Base Time
(h)
Conv.a
(%)
Yieldb
(%)
Eec (%)
1 [Rh(C2H4)2Cl]2 L4 NaHCO3 48 >98 20 88
2 [Rh(C2H4)2Cl]2 L3 NaHCO3 48 21 Nd 0
3 [Rh(C2H4)2Cl]2 L5 NaHCO3 72 0 - -
4 [Rh(cod)Cl]2 L4 NaHCO3 48 >98 45 0
5d [Rh(cod)Cl]2 (+/-)-L2 NaHCO3 48 >98 55 -
6e [Rh(C2H4)2Cl]2 L4 K2CO3 18 >98 Nd 90
aDetermined by 1H NMR examination of the crude mixture. bIsolated yield of compound 5.15 after
chromatographic purification. cDetermined by HPLC on chiral stationary phase. dReaction carried out
with 12 mol% of racemic ligand L2. e Reaction carried out with K2CO3.
Looking at the Table 5.6, it should be noted that the use of [Rh(cod)Cl]2 allowed the
obtainment of desired compound 5.23 with acceptable yields (entries 4 and 5), albeit in
racemic form apart from the nature of the ligands employed. On the other hand, the choice of
the base seems not to be fundamental with regard to the enantioselective outcome of the
reaction (entry 6). However, although high enantioselectivities (90%) were obtained (see
Table 5.6, entries 1 and 6), the reaction conditions were not synthetically efficient, giving the
corrisponding addition product 5.23 in a modest isolated yield.
During the investigation of the desymmetrization of meso-bicyclic hydrazines with
arylboronic acids, we envisioned that some known compounds could be used for the
demonstration of the absolute configuration of the ring-opened adducts obtained during our
study. In particular, we observed that (1S,2R)-2-phenylcyclopentanamine hydrochloride salt22,
which could be obtained from ring-opened 5.14 using the synthetic route described in the
Scheme 5.27, could be a useful term of comparison.
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Scheme 5.27 Synthetic route for the preparation of (1R,2S)-2-phenylcyclopentanamine
hydrochloride salt via asymmetric ring-opening of bicyclic hydrazines.
Unfortunately, any attempts to manipulate the hydrazine moiety of compound 5.14 using
harsh deprotection conditions (LiAlH4 in THF at reflux or NaOH 10M in methanol at reflux),
proved not to be effective, making impossible the demonstration of the absolute configuration
of ring-opened product 5.14 by means of these approaches. In order to obtain the desired 2-
phenylcyclopentanamine, we thought to exploit also the reducing properties of samarium. In
particular, Jorgensen and co-workers23 reported that samarium (II) iodide is able to cleave the
N-N bond of the hydrazine moiety present on compound 5.24, after its preliminary activation
by an acetylation reaction (Scheme 5.28).
Scheme 5.28
The N-N cleavage reaction of 5.25  occurred in 20 hours with the formation of the
corresponding N-Boc protected amine 5.26, as displayed in the Scheme 5.28. Unfortunately,
attempts to purificate this compound by simple column chromatography proved not to be
effective, likely because of degradation phenomena.
 Very recently, Prof.Lautens demonstrated the absolute and relative stereochemistry of
compound 5.24 by full reduction and deprotection of this compound to the corrisponding 2-
phenylcyclopentanamine as displayed in the Scheme 5.29.24 In this way, he was able to
demonstrate the absolute configuration of compound 5.24 comparing the specific rotatory
power of 2-phenylcyclopentanamine obtained with his protocol ((1R, 2S) [α]D24.5= -36.5,
c=1.4, CHCl3) with the date reported in literature21 ((1S, 2R) [α]D20= +66, c=2.00, MeOH).
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Scheme 5.29
By analogy, comparison of the HPLC profiles and specific rotatory power of compound 5.14
obtained during our study with the values reported by Lautens (Scheme 5.29) allowed the
assignment of the stereogenic centers as (1S, 2R) when (R)-Tol-BINAP is used as chiral
ligand (Scheme 5.30).
Scheme 5.30. Absolute configuration of compound 5.14.
5.2.2. Rhodium-catalyzed desymmetrization of  2,3-diazabicyclo[2,2,1]hept-5-ene derivatives
with alkenyl boronic acids.
Based on the results obtained in the desymmetrization of meso-bicyclic hydrazines with
aryl boronic acid, we thought to continue our study using alkenyl boronic acids, another type
of boron-based sp2   nucleophiles. In a preliminary study, we investigated the reaction of
hydrazine 5b with commercially available trans-hexenylboronic acid pinacol ester. The first
reaction was carried out using [Rh(cod)Cl]2 (3.0 mol%) in combination with 12.0 mol% of
racemic Monophos L2, NaHCO3 (2.0 equiv.) in MeOH at 65°C. With our pleasure, using this
conditions the reaction afforded the desired product 5.27 with a good yield and with total
anti-diastereoselectivity (Scheme 5.31).
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Scheme 5.31 Rh-catalyzed ring-opening of hydrazine 5b with trans-hexenylboronic acid
pinacol ester.
After the promising results obtained, we explored the possibility to develop an asymmetric
version of this reaction. Given that the absence of strong chromophores on the bicyclic ring of
hydrazine 5b complicated the HPLC analysis of the ring-opened products, we continued our
study using hydrazine 5a, which was prepared by a simple hetero Diels-Alder reaction using
dibenzylazadicarboxylate and freshly distilled cyclopentadiene (Scheme 5.32).
Scheme 5.32.Synthesis of bicyclic hydrazine 5a.
Under the optimized conditions developed for the asymmetric ring-opening of hydrazine 5b
with phenylboronic acid  (3.0 mol% of [Rh(C2H4)2Cl]2 in combination with 6.0 mol% of (R)-
Tol-BINAP) (section 5.2.1, Table 5.1), hydrazine 5a reacted with trans-hexenylboronicacid
pinacol ester to give the compound 5.28 with a fair yield (55%) and a modest enantiomeric
eccess (30%) (Scheme 5.33). While the use of an electron-poor phosphorous ligand such as
(+/-)-Monophos L2 was able to increase the yield of the reaction up to 78%, it should be
noted that the attempt to increase the enantioselectivity of the reaction using (S,S)-Et-Duphos
L5 gave unsatisfactory results affording the desired adduct 5.28 with a very low conversion
(<10%).
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Scheme 5.33.Rh-catalyzed asymmetric ring-opening of hydrazine 5a with trans-
hexenylboronic acid pinacol ester.
In order to verify the influence of the nature of the boron-based nucleophiles on the
enantioselective outcome of our ring-opening reaction, we next investigated the reaction of
hydrazine 5a  with (E)-dicyclohexyl(pent-1-enyl)borane, which can be easily prepared
following the synthetic route summarized in the Scheme 5.34 (for details, see experimental
section).
Scheme 5.34 Synthetic route for the synthesis of (E)-dicyclohexyl(pent-1-enyl)borane.
The following addition reaction proceeded smootly, to give the corresponding ring-opened
adduct 5.29  with an acceptable yield (45%), albeit accompanied by a very low
enantioselectivity (23% ee) (Scheme 5.35). However, it is worth mentioning that the results
displayed in the Scheme 5.35 confirmed that borane derivatives can be succesfully used as
mild nucleophiles in the rhodium-catalyzed desymmetrization of bicyclic hydrazines (see also
table 5.3, entries 4-7).
Scheme 5.35.Rh-catalyzed asymmetric ring-opening of hydrazine 5a with (E)-
dicyclohexyl(pent-1-enyl)borane.
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In order to explore the reaction further, we also examined the use of other
alkenylboronic acids in the asymmetric ring-opening of bicyclic hydrazines. In particular, we
focused our attention on commercially available 1-phenyl-vinylboronic acid VI and trans-2-
phenyl-vinylboronic acid VII,  because these phenyl-substituted boronic derivatives could
give us the possibility the evaluate the enantioselective outcome, by HPLC analysis, of the
ring-opening reaction of hydrazines not having suitable with chromophores, such as substrate
5b and di-tert-butyl 2,3-diaza-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 5 e . A first
screening was carried out using hydrazine 5e with both boronic acid VI and VII and the
results obtained are displayed in the Table 5.7.
Table 5.7. Rh-catalyzed ring-opening hydrazine 5e with alkenylboronic acids VI and VII.a
Entry Rh(I) Ligand Nucleophile Base Time
(h)
Productb
(Yield%)
Eec
(%)
1 [Rh(cod)Cl]2 P(OEt)3 VI NaHCO3 1.5 5.30 (81) -
2 [Rh(C2H4)2Cl]2 L4 VI CsF 4 5.30 (75) 22
3d [Rh(C2H4)2Cl]2 L4 VI Cs2CO3 12 5.30 (36) 12
4 [Rh(cod)Cl]2 P(OEt)3 VII NaHCO3 2 5.31 (63) -
5 [Rh(C2H4)2Cl]2 L4 VII CsF 5 5.31 (83) 12
aReaction carried out with 3.0 mol% of Rh(I) salt and with 2.0 equiv. of boronic acid derivatives.
bIsolated yield of compounds 5.30 and 5.31 after chromatographic purification. cDetermined by HPLC
on chiral stationary phase. dReaction carried out in Dioxane/water 10:1 at 110°C.
In accordance with the data reported so far, the use of [Rh(cod)Cl]2 and an electron-poor
phosphorous ligand such as P(OEt)3 gave a faster reaction for both boronic acids VI and VII
with respect to the use of catalytic amounts of (R)-TolBINAP L4 and [Rh(C2H4)2Cl]2 (entries
1-2 and 4-5). However, it should be noted that the desired ring-opened products were
obtained with fair to very good yields also using the electron-rich ligand L4 , albeit
accomapanied by a very low enantioselectivity (entries 2 and 5). Moreover, the use of a
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mixture of dioxane and water as reaction solvent proved not to be effective in this condition,
giving the adduct 5.30 with low yield (36%) and enantioselectivity (entry 3).
Next, the scope of arylative ring opening of hydrazine with alkenylboronic acids VI
and VII was extended by the use of hydrazine 5b. Also in this case, a detailed study about the
effect of rhodium salts and the chiral ligands employed was carried out and the results otained
are displayed in the Table 5.8.
Table 5.8. Rh-catalyzed ring-opening hydrazine 5b with alkenylboronic acids VI and VII.a
Entry Rh(I) Ligand Nucleophile Base Time
(h)
Productb
(Yield%)
Eec
(%)
1 [Rh(cod)Cl]2 P(OEt)3 VI NaHCO3 1.5 5.32 (74) -
2 [Rh(C2H4)2Cl]2 L4 VI K2CO3 18 5.32 (91) 33
3 [Rh(acac)(C2H4)2] L4 VI K2CO3 96 5.32 (21) 8 d
4e [Rh(C2H4)2Cl]2 L4 VI K2CO3 12 5.32 (90) 50
5 [Rh(cod)Cl]2 P(OEt)3 VII NaHCO3 6 5.33 (59) -
6 [Rh(C2H4)2Cl]2 L4 VII CsF 80 5.33 (80) 5
aReaction carried out with 3.0 mol% of Rh(I) salt and with 2.0 equiv. of boronic acid derivatives.
bIsolated yield of compounds 5.32 and 5.33 after chromatographic purification. cDetermined by HPLC
on chiral stationary phase. dOpposite absolute configuration eReaction carried out in Dioxane/water
10:1 at 110°C.
Very interestingly, the best result with regard to the enantioselecivity of the ring-opening
reaction of hydrazine 5b with boronic acid VI was achieved by the use of a mixture of
dioxane and water as solvent (entry 4). In sharp contrast with the data obtained in the
desymmetrization of hydrazine 5e (see Table 5.7, entry 3), these reaction conditions allowed
the obtainment of compound 5.32 with a very good yield (90%) and acceptable
enantioselectivity (ee= 50%). On the other hand, the use of the standard reaction conditions
(3.0 mol% of [Rh(C2H4)2Cl]2 with 6.0 mol% of (R)-Tol-BINAP in MeOH) afforded the
desired adducts 5.32 and 5.33 with very good yields and modest enantioselectivities (entries 2
and 6), while the increased reactivity of electron-poor phosphorous ligands can be confirmed
N
N COOEt
COOEt
B
Ph
HO
OH
Rh(I)/ Ligand
Base, MeOH, 65°C
Ph
B
VI
OH
HO
VII
Rh(I)/ Ligand
Base, MeOH, 65°C
N
H
N COOEtEtOOC
Ph
5.32
N
H
N COOEtEtOOC
Ph
5.33
5b
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looking at the shorter reaction times observed when P(OEt)3 was used as ligand (entries 1 and
5).
5.2.3. Rhodium-catalyzed desymmetrization of  2,3-diazabicyclo[2,2,1]hept-5-ene derivatives
with alkynyl boronic acids.
During our study, we envisioned that 1-alkynyldiisopropylboronates could be valuable
precursors in the rhodium-catalyzed addition of sp carbon nucleophiles to bicyclic hydrazines.
These reagents, which have been rarely used in asymmetric addition to activated alkenes,25
are stable distillable liquids readily available from the corresponding alkynes.26, 27 In
particular, we prepared several 1-alkynyldiisopropyl boronates following the synthetic route
displayed in the Scheme 5.36. 27 The first deprotonation of a terminal alkynes by the use of
BuLI afforded the corresponding alkynyl lithium derivatives, which was then allowed to react
at 78°C in Et2O with commercially available triisopropyl borate to give the intermediate A.
After the evaporation of the organic solvent, the reaction mixtute was cooled (-78°C) and a
solution of ethereal hydrogen chloride (1.0 equiv) was added dropwise. The resulting mixture
was then slowly warmed at room temperature and the solvent was evaporated  in vacuo. The
subsequent distillation afforded pure 1-alkynyldiisopropylboronates 5.34-5.36.
Scheme 5.36. Synthesis of 1-alkynyldiisopropylboronates.
To our delight, when bicyclic hydrazines 5b, 5c  and 5e  were allowed to react with 2.0 equiv.
of 1-hexynyldiisopropylboronate 5.34 or 1-octynyldiisopropylboronate 5.35 in the presence of
[Rh(cod)Cl]2 (6 mol% Rh), racemic Monophos  L2 (12 mol%) and 2.0 equiv of NaHCO3 in
refluxing methanol, the corresponding alkynylated trans 3,4-disubstituted cyclopentenes were
isolated with good yields after chromatographic purification (Table 5.9).
LiR + B(i-OPr)3
-78°C
Et2O
B(i-OPr)3]R[Li+
1) HCl.Et2O
2) distillation
B(i-OPr)2R
Ph
OiPr
OiPr
OiPr
OiPr
A
OiPr
OiPr
5.34 5.35 5.36
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Table 5.9. Rh-catalyzed ring-opening bicyclic hydrazines with alkynylboronic acids
derivatives
Entry Hydrazine Nucleophile Time (h) Product (Yield%)a
1 5b 5.34 4 5.37 86
2 5c 5.35 16 5.38 55b
3 5e 5.34 18 5.39 78c
4 5e 5.35 18 5.40 92
aIsolated yield after chromatographic purification. bConversion (Determined by 1H NMR examination
of the crude mixture) 88%. cConversion 85%.
While slightly lower yields were obtained with the use of catalytic amount of P(OEt)3, the
ring-opening alkynylation of bicyclic hydrazines occurs only in the presence of a base, in
sharp contrast with the rhodium-catalyzed reaction performed with arylboronic acids (Table
5.1).
In order to obtain the ring-opened adducts in an enantioenriched form, we next effected
a preliminary screening of chiral ligands finding out that some good results were obtained by
the use of commercially available (R)-Xylyl-Binap L8 (12.0 mol%) in combination with
[Rh(C2H4)2Cl]2 (5.0 mol%) and MeONa (2.0 equiv) in refluxing MeOH (Scheme 5.37).
Scheme 5.37. Asymmetric ring-opening of hydrazine 5a with alkynylboronic acids
derivatives.
Looking at the Scheme 5.37, it can be observed that the ring-opening reactions afforded the
expected adducts 5.41 and 5.42 with interesting enantioselectivities (up to 66%), albeit with
N
N R
R
+ R1 B
OiPr
OiPr
2.0 equiv.
3 mol%
[Rh(cod)Cl]2
(+/-)-Monophos L2 (12 mol%)
NaHCO3, MeOH, Reflux
N NH
R
R
R1
N
N COOBn
COOBn
+ R B
OiPr
OiPr
5a R=C4H9, 5.34
R=Ph, 5.36
N
R
HN COOBn
COOBn
R=C4H9, 5.41, yield 53%, ee=66%
R=Ph, 5.42, yield 38%, ee=60%
[Rh(C2H4)2Cl]2 5.0mol%
Ligand L8 (12 mol%)
MeONa (2.0 equiv.)
MeOH reflux, 18h
P(Xylyl)2
P(Xylyl)2
L8=
(R)-Xylyl-Binap
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modest to fair yields. However, it should be noted that the protocol described in this section
represent the first example of Rh-catalyzed asymmetric alkynylation reported so far.
Because it is very likely that in the protic reaction medium the alkynyl-triple bond of
boronates is protoned to regenerate the corresponding alkyne, the direct use of alkynes was
also considered. Consistently with our expectations, the reaction of hydrazine 5e with 2.0
equiv. of 1-hexyne in the presence of [Rh(cod)Cl]2, racemic monophos L2, MeONa and a
catalytic amount of a Lewis acid such as Yb(OTf)3 afforded the compound 5.39 (Scheme
5.38), although with a slightly lower conversion (70%) with respect to the analogous reaction
carried out with boronates 5.34 (Table 5.9, entry 3).
Scheme 5.38. Rh-catalyzed ring-opening of hydrazine 5e with 1-hexyne.
A detailed examination of factors influencing the yield and the enantioselectivity of this
new alkynylation ring-opening reaction is currently underway in our laboratoty.
N
N COOt -Bu
COOt -Bu
+ R H
5e
N
R
HN COOBn
COOBn
R=C4H9, 5.39, Conv=70%
[Rh(cod)Cl]2 5.0mol%
Rac L2 (12 mol%)
Yb(OTf)3 (10 mol%)
MeONa (2.0 equiv.)
MeOH reflux, 18h
2.0 equiv
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5.3. Experimental Section.
General Methods and Materials.  All reaction were carried out under argon
atmosphere in a 25 mL schlenk tube of an RR98072 6 place Carousel Reaction StationTM from
Radleys Discovery Technologies, equipped with gas-tight threaded caps with a valve, cooling
reflux head system and digital temperature controller.
 MeOH (HPLC grade) were purchased from J. T. Baker and used as such.
[Rh(C2H4)2Cl]2, [Rh(cod)Cl]2, [Rh(C2H4)2acac]2 were purchased from Stream Chemical Co.
and used without further purification. [Rh(cod)OH]2 was prepared from [Rh(cod)Cl]2 by a
literature procedure.28 Monophos was prepared following a previously dercribed procedure.29
All phosphine ligands (L3*-L6*) used are commercially available from Stream and were used
without further purification. Analytical TLC were performed on Alugram SIL G/UV254 silica
gel sheets (Macherey- Nagel) with detection by 0.5% Phosphomolybdic acid solution in 95%
EtOH. Silica gel 60 (Macherey- Nagel 230- 400 mesh) was used for flash chromatography.
Solvents for extraction and chromatography were HPLC grade.
1H NMR spectra were recorded on a Bruker AC-200 or on Bruker Avance II 250
spectrometer. Chemical shifts are reported in ppm downfield from tetramethylsilane with the
solvent resonance as the internal standard (deuterochloroform: δ 7.26, deuteromethanol: δ
3.31). 13C NMR spectra were recorded on a Bruker AC-200 (50 MHz) or on Bruker Avance II
250 spectrometer (62.5 MHz) with complete proton decoupling. Chemical shifts are reported
in ppm downfield from tetramethylsilane with the solvent resonance as the internal standard
(deuterochloroform: δ 77.0, deuteromethanol: δ 49.0). Analytical high performance liquid
chromatography (HPLC) were performed on a Waters 600E equipped with Varian Prostar
325 detector using Daicel Chiralcel OD-H column with 0.5 mL and Daicel chiralpak AD-H
column with detection at 254 nm.
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. Mass spectra
ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped with a
software Xcalibur.
Synthesis of  cyclic hydrazines 5a-e.
Cyclic hydrazines were prepared following a previously described procedure.6
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Synthesis of chiral ligand (S,S,S)-L3.
Chiral ligand L3 was prepared following a previouvly
described procedure.15
To a cooled solution (-60°C) of PCl3 (0.54 mL, 6.0
mmol) and Et3N (1.72 mL, 12.0 mmol) in toluene (10
mL) was added a solution of (S)-BINOL (1.72 g, 6.0
mmol) in toluene (50 mL) over a period of 5 minutes. The resulting solution was slowly
warmed to room temperature over a period of 2 hours and filtered under argon protection. The
organic solution was then allowed to react with Et3N (0.83 mL, 5.8 mmol), (S)-BINOL (860
mg, 3.0 mmol) and DMAP (80 mg, 0.65 mmol) in toluene (60 mL) at 0°C. After 6 hours at
room temeperature, the mixture was filtered, concentrated in vacuo and the crude reaction
mixture was purified by column chromatography (hexanes/AcOEt 75:25), to give ligand L3
as a white solid (Yield 66%).
Synthesis of chiral ligand  L7.
Chiral ligand L7 was prepared following a previouvly described
procedure.16
In a three necked flask, to a suspension of NaH (2.0 g, 60% in
mineral oil) in anhydrous THF (20.0 mL) was added (S)-BINOL
(2.86 g, 10.0 mmol) under argon protection. The reaction was allowed to react for 10 minutes
and ethoxymethylchloride (2.23 mL, 24 mmol) was added.
To the resulting BINOL derivative (4.31 g, 9.57 mmol) in anhydrous Et2O (160 mL) was
added dropwise BuLi 1.6 M (17.94 mL, 28.71 mmol) under argon protection at room
temperature and the mixture was allowed to react for three hours at room temperature.
Successively, anhydrous THF (105 mL) was added, the reaction was cooled to 0°C and
ClPPh2 (5.32 mL, 28.71 mmol) was quickly added. After 1 hour at room temperature, the
mixture was quenched with a saturated aqueous solution of NH4Cl and brine.
The resulting product (9.18 g, 11.92 mmol) in MeOH (460 mL) was allowed to react with
HCl conc (37%) in a three necked flask at 60°C for 1 hour. The organic solvent was
evaporated in vacuo and the crude residue was dissolved in AcOEt. The resulting solution
was washed with a saturated aqueous solution of NaHCO3 and brine. The product was
purified by column chromatography (hexanes:dichloromethane= 6:4).
To a solution of this compound (307 mg, 0.47 mmol) in toluene (10 ml) was added
hexaethylphosphinetriamide (0.15 ml, 0.54 mmol) and the mixture was warmed to 110 °C for
O
O P
O O
P OO
PPh2
PPh2
O
O P N
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18 hours. The solvent was concentrated in vacuo and the ligand L7 was purified by column
chromatography (hexanes: AcOEt 9:1), as a white solid.
Synthesis of alkenyl and alkynyl boron deivatives.
(E)-dicyclohexyl(pent-1-enyl)borane (Scheme 5.34).
In a three necked flask, to a solution of cyclohexene (4.05 mL, 40
mmol) in anhydrous Et2O (15 mL) was added dropwise BH3.Me2S
(1.92 ml, 20 mmol) at 0°C and under magnetic stirring. The mixture
was allowed to react at 0°C for three hours and dicyclohexylborane was obtained as white
needles. The solvent was evaporated under an argon stream and the dicyclohexylborane was
dissolved in anhydrous THF (10 mL). Then, the mixture was cooled to –10°C and a solution
of 1-pentyne (1.97 mL, 20 mmol) in anhydrous THF (2.0 mL) was quickly added. The
reaction mixture was slowly warmed to room temperature and the mixture was allowed to
react for three hours giving a solution of (E)-dicyclohexyl(pent-1-enyl)borane in THF which
was used in the subsequent reaction.
Synthesis of 1-alkynyldiisopropylboronates (5.34-5.36)27 (Scheme 5.36).
To a solution of an alkyne (10 mmol) in anhydrous diethyl ether (20.0 mL) was added BuLi
(1.56 M in hexane, 6.4 mL, 10.0 mmol) at –78°C and the reaction mixture was stirred for
three hours at –78°C. The resulting mixture was added via cannula to a solution of
triisopropylborate (1.88 g, 10 mmol) in anhydrous diethyl ether and slowly warmed to room
temperature over 3 hours. The solvent was removed in vacuo and diethyl ether (10 mL) and a
solution of hydrogen chloride in diethyl ether (1.5M, 6.6 mL, 10 mmol) were added to the
resulting powder at –78°C.  The mixture was slowly warmed at room temperature over three
hours. Filtration of the resulting suspension followed by distillation gave alkynylboronates
5.34-5.36.
Rhodium-Catalyzed Arylation of Compounds 5a-e.
Procedure A. Rhodium-catalyzed arylation with arylboronic acid.
A dried schlenk tube was charged, under argon protection, with Rh(I) salt (6.0 mol %) and
chiral ligand L1-L7 (6.0 mol%). MeOH (1.0 mL) was added and the mixture was stirred for
30 min at room temperature. Cyclic hydrazine 5a- e (0.2 mmol) in MeOH (1.0 mL),
arylboronic acid (0.4 mmol) and a base (0.4 mmol) were then introduced and the reaction
B
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mixture was warmed at 65°C. The reaction was followed by TLC and was quenched after the
times indicated in Table 1, 3 or 4 with NaHCO3 (2.0 mL). The solution was diluted with
CH2Cl2 (20 mL). The acqueous phase was separated and extracted further with CH2Cl2 (10
mL) and Et2O (10 mL). Combined organic fractions were dried over magnesium sulfate and
filtered. Evaporation of the organic solution afforded a crude reaction mixture that was
purified by silica gel column chromatography to give the pure compounds.
Procedure B. Rhodium-Catalyzed Arylation of Compound 5b  with other Arylboron
Derivatives.
A dried schlenk tube was charged, under argon protection, with Rh(I) salt (6.0 mol %) and
chiral ligand L1-L6 (7.5 mol% or 12 mol%). MeOH (1.0 mL) was added and the mixture was
stirred for 30 minutes at room temperature. Bicyclic hydrazine 5b (0.2 mmol) in MeOH (1.0
mL), Ph3B or PhBF3 (0.4 mmol) and a base (0.4 mmol) were then introduced and the reaction
mixture was warmed at 65°C. The reaction was followed by TLC and was quenched after the
times indicated in Table  2  with NaHCO3 (2.0 mL). The solution was diluted with CH2Cl2 (20
mL). The acqueous phase was separated and extracted further with CH2Cl2 (10 mL) and Et2O
(10 mL). Combined organic fractions were dried over magnesium sulfate and filtered.
Evaporation of the organic solution afforded a crude reaction mixture that was purified by
silica gel column chromatography to give the pure compound 5.14.
Procedure C. Rhodium-Catalyzed Arylation of Compound 5b with PhZnCl.
A dried schlenk tube was charged, under argon protection, with Rh(I) salt (6.0 mol %) and
chiral ligand L1-L6 (7.5 mol% or 12 mol%). THF (1.0 mL) was added and the mixture was
stirred for 30 min at room temperature. Bicyclic hydrazine 5b (0.2 mmol) in THF (0.5 mL),
PhZnCl (0.4 mmol, 0.5 mL of 0.8 M solution in THF) via cannula were then introduced and
the reaction mixture was warmed at 65°C. The reaction was followed by TLC and was
quenched after the times indicated in Table 2 with NaCl (2.0 mL). The solution was diluted
with CH2Cl2 (20 mL). The acqueous phase was separated and extracted further with CH2Cl2
(10 mL) and Et20 (10 mL). The organic solvent was dried over magnesium sulfate and
filtered. Evaporation of the organic solution afforded a crude reaction mixture that was
purified by silica gel column chromatography to give the pure compound 5.14.
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Preparation of PhZnCl.
Following a previously described procedure18, to a solution of bromobenzene (1.47 mL, 14.35
mmol) in THF (14.35 mL) was added dropwise 17.39 mL of t-BuLi (solution 1.6 M in
hexanes) at –78°C. The reaction mixture was stirred for 30 minutes at –78°C and then for 15
minutes at rt.
The solution was then added to a suspension of ZnCl2 (2.028 g, 15 mmol) in THF (3.5 mL) at
0°C. The mixture was allowed to react for 15 minutes at rt and concentrated giving a 0.8 M
solution of PhZnCl in THF.
trans-4-phenyl-1-(2-phenylcyclopent-3-enyl)-1,2,4-triazolidin-3.5-
dione (5.12) (Scheme 5.18)
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 mg,
0.006 mmol) and (S)-Monophos L2 (8.64 mg, 0.024 mmol) in MeOH
(1.0 mL) was stirred for 30 minutes at rt. Then a solution of tricyclic hydrazine 5c (48.0 mg,
0.2 mmol) in MeOH (1.0 mL), phenyl boronic acid (Aldrich) (48.8 mg, 0.4 mmol) and
NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 1 hour at
65°C. The product was isolated (Yield= 75%) by column chromatography eluting with
hexanes/AcOEt 6:4, as a white solid (M.p= 187- 189°C).
1H NMR (200 MHz, CDCl3) δ 2.47- 2.68 (m, 1H); 2.75- 2.95 (m, 1H); 4.00- 4.11 (m, 1H);
4.70- 4.85 (m, 1H); 5.75- 5.86 (m, 1H); 5.88- 5.99 (m, 1H); 7.10- 7.57 (m, 10H).
13C NMR (50 MHz, CDCl3) δ 35.12, 54.22, 64.29, 123.89, 125.39, 127.10, 127.31, 128.17,
129.71, 129.06, 129.61, 132.67, 141.40, 152.21, 154.09.
trans-2-(2-phenylcyclopent-3-enyl)-2,3-dehydro-phtalazine-1,4-
dione. (5.13) (Scheme 5.18)
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 mg,
0.006 mmol) and (S)-Monophos L2 (8.64 mg, 0.024 mmol) in MeOH
(1.0 mL) was stirred for 30 minutes at rt. Then a solution of
tetracyclic hydrazines 5d (45.2 mg, 0.2 mmol) in MeOH (1.0 mL), phenyl boronic acid
(Aldrich) (48.8 mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture
was allowed to react for 1.5 hours at 65°C. The product was isolated (Yield= 85%) by column
chromatography eluting with hexanes/AcOEt 8:2, as a yellow oil.
N NH
N OO
Ph
N NH
OO
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1H NMR (CDCl3) δ 2.50- 2.69 (m, 1H); 2.79- 2.99 (m, 1H); 4.20- 4.32 (m, 1H); 5.65- 5.79
(m, 2H); 5.80- 5.91 (m, 1H); 7.04- 7.29 (m, 5H); 7.70- 7.86 (m, 2H); 8.00- 8.10 (m, 1H);
8.33- 8.43 (m, 1H).
13C NMR (CDCl3) δ 37.44, 55.54, 63.57, 124.51, 12.69, 127.26, 127.66, 128.57, 129.67,
132.53, 132.89.
trans-(+)-Diethyl-1-(2-phenylcyclopent-3-enyl)-hydrazine-1,2-
dicarboxylate (5.14) (Table 5.1).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3
mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in
MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48
mg, 0.2 mmol) in MeOH (1.0 mL), phenyl boronic acid (48.8 mg, 0.4 mmol) and CsF (60.7
mg, 0.4 mmol) were added. The mixture was allowed to react for 12 hours at 65°C. The
product was isolated (Yield= 92%) by column chromatography eluting with hexanes/AcOEt
7:3, as a colorless liquid. RF= 0.42 (hexanes/AcOEt 1:1).
1H NMR (200 MHz, CDCl3) δ 0.90-1.17 (m, 3H); 1.28 (t, 3H J=7.0 Hz); 2.46-2.78 (m, 2H);
3.86-4.11 (m, 3H); 4.21 (q, 2H J=7.0 Hz); 4.68-4.83 (m, 1H); 5.66-5.74 (m, 1H); 5.81-5.91
(m, 1H); 6.60-6.78 (s, 1 H); 7.14-7.35 (m, 5H).
13C NMR (50 MHz, CDCl3) δ15.09 (2C), 35.76, 54.40, 62.82, 63.04, 66.82, 127.15, 128.14,
129.06, 130.46, 133.25, 155.51, 156.12.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 15.9 (major, stereoisomer),
18.4 (minor, stereoisomer).
[α]20D= +78 (c 2.77, CHCl3).
trans-Diethyl-1-[(2-(4-iodophenil)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate (5.15) (Table 5.4).
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 4-iodo-phenyl boronic acid (Aldrich) (99.2 mg, 0.4 mmol) and CsF (60.7
mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated (Yield= 62%) by column chromatography eluting with hexanes/AcOEt
7:3, as a colorless liquid. RF= 0.45 (hexanes/AcOEt 1:1).
N NH
COOEtEtOOC
N NH
COOEtEtOOC
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1H NMR (CDCl3) δ 0.97- 1.36 (m, 6H); 2.45- 2.76 (m, 2H); 3.86- 4.30 (m, 5H); 4.60- 4.82
(m, 1H); 5.60- 5.70 (m, 1H); 5.82- 5.93 (m, 1H); 6.33- 6.43 (m, 1H); 6.95- 7.09 (m, 2H); 7.61
(d, 2H, J= 8.2 Hz).
13C NMR (CDCl3) δ 14.18, 14.40, 35.04, 53.33, 62.23, 62.50, 66.89, 127.45, 129.63, 130.24,
132.11, 137.40, 137.77, 155.60, 156.85.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 10.37 (major stereoisomer),
16.44 (minor stereoisomer).
trans-(+)-Diethyl-1-[2-(4-methylphenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.16) (Scheme 5.23).
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 4-methyl-phenyl boronic acid (Fluka) (54.4 mg, 0.4 mmol) and CsF (60.7
mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated (Yield= 90%) by column chromatography eluting with hexanes/AcOEt
7:3, as a colorless liquid. RF= 0.43 (hexanes/AcOEt 1:1).
1H NMR (CDCl3) δ 0.93- 1.12 (m, 3H); 1.25 (t, 3H, J= 7.1 Hz); 2,32 (s, 3H); 2.50- 2.76 (m,
2H); 3.87- 4.13 (m, 3H); 4.22 (q, 2H, J=7.1 Hz); 4.64- 4.86 (m, 1H); 5.62- 5.76 (m, 1H);
5.79- 5.91 (m, 1H); 6.54- 6.70 NH (br, NH, 1H); 7.00- 7.25 (m, 4H).
13C NMR (CDCl3) δ 14.18, 14.42, 20.99, 35.16, 53.41, 62.18, 62.39, 67.22, 127.35, 129.10,
129.55, 132.90, 136.01, 155.97, 156.91.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 14.82 (major stereoisomer),
18.20 (minor stereoisomer).
[α]20D= +74.3 (c 3.2, CHCl3).
trans-Diethyl-1-[2-(4-methoxyphenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.17) (Scheme 5.24)
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 4-methoxy-phenyl boronic acid (Aldrich) (60.8 mg, 0.4 mmol) and CsF
(60.7 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
N NH
COOEtEtOOC
MeO
N NH
COOEtEtOOC
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product was isolated (Yield= 65%) by column chromatography eluting with hexanes/AcOEt
7:3, as a colorless liquid. RF= 0.49 (hexanes/AcOEt 1:1).
1H NMR (CDCl3) δ 0.97-1.20 (m, 3H); 1.29 (t, 3H; J=7.0 Hz); 2.47- 2.76 (m, 2H); 3.79 (s,
3H); 3.91-4.14 (m, 3H); 4.23 (q, 2H, J=7.0 Hz); 4.65- 4.81 (m, 1H); 5.65- 5.73 (m, 1H); 5.80-
5.90 (m, 1H); 6.32- 6.40 (m, NH, 1H); 6.8 (d, 2H, J=8.5 Hz); 7.12- 7.24 (m, 2H).
13C NMR (CDCl3) δ 14.21, 14.38, 35.01, 52.92, 55.25, 62.12, 62.34, 67.21, 113.79, 128.31,
129.45, 132.93, 135.29, 155.95, 156.90, 158.16.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 12.97 (major stereoisomer),
16.44 (minor stereoisomer).
trans-Diethyl-1-[2-(3-methoxyphenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.18) (Entry 2, Table 5.5)
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 3-methoxy-phenyl boronic acid (Aldrich) (60.8 mg, 0.4 mmol) and NaHCO3
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated (Yield= 90%) by column chromatography eluting with hexanes/AcOEt
8:2, as a colorless liquid.
1H NMR (CDCl3) δ 0.94- 1.16 (m, 3H); 1.26 (t, 3H, J= 7.1 Hz); 2.53- 2.71 (m, 2H); 3.77 (s,
3H); 3.90- 4.10 (m, 3H); 4.20 (q, 2H, J=7.1 Hz); 4.66- 4.83 (m, 1H); 5.64- 5.73 (m, 1H);
5.80- 5.89 (m, 1H); 6.69- 6.90 (m, 4H); 7.19 (t, 1 H, J=7.8 Hz).
13C NMR (CDCl3) δ 14.16, 14.38, 35.13, 53.69, 55.09, 62.06, 62.31, 67.03, 111.89, 113.01,
119.90, 129.30, 129.79, 132.47, 144.98, 157.02, 159.70.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 17.18, 20.48.
trans-Diethyl-1-[2-(2-methoxyphenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.19) (Entry 4, Table 5.5).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3
mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 2-methoxy-phenyl boronic acid (Aldrich) (60.8 mg, 0.4 mmol) and NaHCO3
N NH
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(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 48 hours at 65°C. The
product was isolated (Yield= 35%) by column chromatography eluting with hexanes/AcOEt
7:3, as a colorless liquid.
1H NMR (CDCl3) δ 0.74- 1.40 (m, 6H); 2.45- 2.76 (m, 2H); 3.81 (s, 3H); 3.85- 4.04 (m, 2H);
4.12- 4.30 (m, 2H); 4.32- 4.45 (m, 1H); 4.52- 4.79 (m, 1H); 5.61- 5.73 (m, 1H); 5.83- 5.93
(m, 1H); 6.60- 6.70 (m, NH, 1H); 6.82 (d, 1H, J= 8.0 Hz); 6.88-6.99 (m, 1H); 7.17 (d, 2H, J=
7.8 Hz).
13C NMR (CDCl3) 14.12, 14.48, 35.24, 55.58 (2 C), 60.41, 62.11, 67.00, 110,02, 121.13,
127.50, 127.64, 130.45, 131.88, 156.99.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 11.17, 11.95.
trans-Diethyl-1-[2-(4-cyanophenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.20) (Scheme 5.25)
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (S)-Monophos L2 (8.64 mg, 0.024 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 4-cyano-phenyl boronic acid (Aldrich) (58.8 mg, 0.4 mmol) and NaHCO3
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated by column chromatography eluting with hexanes/AcOEt 6:4, as a
colorless liquid.
1H NMR (200 MHz, CDCl3) δ 0.96- 1.38 (m,6H); 2.46- 2.78 (m, 2H); 3.88- 4.32 (m, 5H);
4.60- 4.85 (m, 5H); 5.60- 5.71 (m, 1H); 5.88- 5.98 (m, 1H); 6.41- 6.53 NH (m, 1H); 7.33-
7.50 (m,2H); 7.59 (d, 2H, J= 8.2 Hz).
13C NMR (50 MHz, CDCl3) δ 14.85, 15.10, 35.68, 54.47, 63.01 (2 C), 110.90, 116.95, 119.77,
129.11, 131.60, 132.12, 134.76, 149.48.
trans-Diethyl-1-[2-(3-cyanophenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.21) (Scheme 5.25)
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 3-cyano-phenyl boronic acid (Aldrich) (58.8 mg, 0.4 mmol) and NaHCO3
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
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product was isolated (Yield= 65%) by column chromatography eluting with hexanes/AcOEt
6:4, as a colorless liquid.
1H NMR (CDCl3) δ 0.92- 1.17 (m, 3H); 1.29 (t, 3H, J=7.2 Hz); 2.44-2.73 (m, 2H); 3.88-4.14
(m, 3H); 4.22 (q, 2H, J=7.2); 4.60- 4.79 (m, 1H); 5.60- 5.70 (m, 1H); 5.87- 5.98 (m, 1H);
6.52- 6.69 NH (m, NH, 1H); 7.32- 7.68 (m, 4H).
13C NMR (CDCl3) δ 14.12, 14.41, 35.00, 53.39, 62.35, 62.60, 66.90, 112.38, 118.99, 129.17,
130.27, 130.96, 131.10, 131.45, 132.45, 145.10, 155.71,157.01.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 22.45 (major stereoisomer),
24.78 (minor stereoisomer).
trans-Diethyl-1-[2-(3-fluorophenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.22) (Scheme 5.26).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3
mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazines 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 3-fluoro-phenyl boronic acid (Aldrich) (55.9 mg, 0.4 mmol) and NaHCO3
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated (Yield= 88%) by column chromatography eluting with hexanes/AcOEt
8:2, as a colorless liquid.
1H NMR (CDCl3) δ 0.88- 1.35 (m, 6H); 2.47- 2.84 (m, 2H); 3.85- 4.37 (m, 5H); 4.63- 4.83
(m, 1H); 5.60- 5.73 (m, 1H); 5.79- 5.92 (m, 1H); 6.80- 7.10 (m, 3H); 7.12- 7.30 (m,1H).
 13C NMR (CDCl3) δ 14.17, 14.39, 35.08, 53.60, 62.24, 62.45, 66.98, 113.10, 113.54, 114.03,
114.48, 123.20, 129.68, 129.84, 130.25, 132.06, 156.94, 157.03, 160.49.
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 14.75 (major stereoisomer),
17.18 (minor stereoisomer).
trans-Diethyl-1-[2-(3-nitrophenyl)-cyclopent-3-enyl]-
hydrazine-1,2-dicarboxylate  (5.23) (Table 5.6)
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in
MeOH (1.0 mL), 3-nitro-phenyl boronic acid (Aldrich) (67 mg, 0.4 mmol) and K2CO3 (55.2
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mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The
product was isolated (Yield= 20%) by column chromatography eluting with hexanes/AcOEt
7:3.
1H NMR (CDCl3) δ  0.94- 1.16 (m, 3H); 1.26 (t, 3H, J= 7.1 Hz); 2.55- 2.76 (m, 2H); 3.94-
4.11 (m, 2H); 4.13- 4.36 (m, 3H); 4.68- 4.88 (m, 1H); 5.66- 5.78 (m, 1H); 5.90- 6.04 (m, 1H);
6.36- 6.54 (m, 1H); 7.22- 7.84 (m, 3H); 8.03- 8.20 (m, 1H).
13C NMR(CDCl3) δ 14.27, 14.49, 35.02, 53.47, 62.45, 62.65, 66.50, 106.17, 110.14, 121.69,
129.30, 130.59, 131.42, 134.45, 149.75, 155.79, 156.43.
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 1.0 mL/min,
mobile phase: hexane/isopropanol 92/8, retention times (min): 23.63 (major stereoisomer),
27.16 (minor stereoisomer).
Diethyl 1-((1R,2R)-2-((E)-hex-1-enyl)cyclopent-3-enyl)
hydrazine-1,2-dicarboxylate (5.27) (Scheme 5.31).
Using the general procedure described above, [Rh(cod)Cl]2 (2.95
mg, 0.006 mmol) and (S)-Monophos L2 (8.64 mg, 0.024 mmol)
in MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazines 5b (48 mg,
0.2 mmol) in MeOH (1.0 mL), 1-hexenylboronic acid pinacol ester (Aldrich) (84 mg, 0.4
mmol) and NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 5
hours at 65°C. The product was isolated (Yield= 70%) by column chromatography eluting
with hexanes/AcOEt 8:2, as a oil.
1H NMR (200 MHz, CDCl3) δ 0.79- 0.94 (m, 3H); 1.17- 1.38 (m, 10H); 1.89- 2.07 (m, 2H);
2.35- 2.66 (m, 2H); 3.23- 3.40 (m, 1H); 4.07- 4.28 (m, 4H); 4.48- 4.68 (m,1 H); 5.35- 5.72
(m, 4H); 6.29- 6.51 NH (m, 1H).
13C NMR (50 MHz, CDCl3) δ 14.6, 15.1 (2 carbons), 22.8, 32.2, 32.8, 35.5, 51.5, 62.7, 63.09,
65.4, 129.4, 131.5, 132.0, 133.3, 156.9, 157.4.
Dibenzyl 1-((1R,2R)-2-((E)-hex-1-enyl)cyclopent-3-enyl)
hydrazine-1,2-dicarboxylate (5.28) (Scheme 5.33).
Using the general procedure described above, [Rh(C2H4)2Cl]2
(2.3 mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012
mmol) in MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of bicyclic
hydrazines 5a (72.8 mg, 0.2 mmol) in MeOH (1.0 mL), 1-hexenylboronic acid pinacol ester
(Aldrich) (84 mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was
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allowed to react for 5 hours at 65°C. The product was isolated (Yield= 55%) by column
chromatography eluting with hexanes/AcOEt 8:2, as a colorless liquid.
1H NMR (200 MHz, CDCl3) δ 0.73- 0.95 (m,3H); 1.11- 1.38 (m, 4H); 1.83- 2.06 (m, 2H);
2.31-2.69 (m, 2H); 3.24- 3.42 (m, 1H); 4.51- 4.75 (m,1H);  4.97- 5.24 (m, 5H); 5.35- 5.48 (m,
1H); 5.50- 5.58 (m,1H); 5.61- 5.72 (m,1H), NH 6.47- 6.62 (m, 1H); 7.19- 7.44 (m, 10H).
13C NMR (50 MHz, CDCl3) δ 14.6, 22.9, 32.2, 32.8, 35.6, 51.6, 65.6, 68.5, 68.8, 128.5, 128.8,
129.1, 129.2, 131.3, 132.3, 133.3, 136.6.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 36.94 (major stereoisomer),
42.55 (minor stereoisomer).
Dibenzyl 1-((1R,2R)-2-((E)-pent-1-enyl)cyclopent-3-enyl)
hydrazine-1,2-dicarboxylate (5.29) (Scheme 5.35).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3
mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazines 5a (72.8 mg, 0.2 mmol) in
MeOH (1.0 mL), (E)-dicyclohexyl(pent-1-enyl)borane (0.297 mL, 0.4 mmol) and NaHCO3
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 15 hours at 65°C. The
product was isolated (Yield= 45%) by column chromatography eluting with hexanes/AcOEt
8:2, as a colorless liquid.
1H NMR (200 MHz, CDCl3) δ 0.85 (t, 3H, J=7.0 Hz); 1.15- 1.41 (m, 2H); 1.82- 2.02 (m, 2H);
2.36-2.68 (m, 2H); 3.26- 3.42 (m, 1H); 4.51- 4.77 (m,1H);  5.03- 5.26 (m, 5H); 5.36- 5.46 (m,
1H); 5.49- 5.59 (m,1H); 5.60- 5.71 (m,1H), NH 6.46- 6.57 (m, 1H); 7.19- 7.44 (m, 10H).
13C NMR (50 MHz, CDCl3) δ 14.30, 23.11, 30.37, 35.19, 51.56, 65.57, 68.50 (2 carbons),
128.53, 128.83, 129.05, 129.16, 131.50, 132.08, 133.28, 136.20, 157.20.
HPLC analysis performed on a Daicel Chiralpak ® AD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 95/5, retention times (min): 43.19 (major stereoisomer),
50.91 (minor stereoisomer).
Di-tert-butyl 1-((1R,2S)-2-(1-phenylvinyl)cyclopent-3-enyl)
hydrazine-1,2-dicarboxylate (5.30) (Entry 2, Table 5.7).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg,
0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH
(1.0 mL) was stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5e (59.2 mg,
N NH
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0.2 mmol) in MeOH (1.0 mL), 1-phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and
CsF (60.7 mg, 0.4 mmol) were added. The mixture was allowed to react for 4 hours at 65°C.
The product was isolated (Yield= 75%) by column chromatography eluting with
hexanes/AcOEt 9:1, as a colorless liquid.
H-NMR (250 MHz, CDCl3) δ 1.2-1.45 (m, 18H); 2.38-2.71 (m, 2H); 3.85-4.05 (s, 1H); 4.55-
4.81 (s, 1H); 5.09-5.11 (s, 1H); 5.14-5.24 (s, 1H); 5.61-5.72 (m, 1H); 5.74-5.81 (m, 1H); 5.85-
6.07 (s, 1H); 7.21-7.47 (m, 5H).
13C-NMR (62.5 MHz, CDCl3) δ 28.22, 35.81, 53.03, 64.27, 76.78, 77.18, 77.69, 81.16,
112.84, 126.81, 127.48, 128.39, 129.89, 132.21, 141.88, 150.42, 154.42, 155.91.
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 98/2, retention times (min): 9.71 (minor stereoisomer),
10.83 (major stereoisomer).
Di-tert-butyl 1-((1R,2S)-2-((E)-styryl)cyclopent-3-enyl)hydrazine-
1,2-dicarboxylate (5.31) (Entry 5, Table 5.7)
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3
mg, 0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was
stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 5e (59.2 mg, 0.2 mmol) in
MeOH (1.0 mL), trans-2-phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and CsF
(60.7 mg, 0.4 mmol) were added. The mixture was allowed to react for 5 hours at 65°C. The
product was isolated (Yield= 83%) by column chromatography eluting with hexanes/AcOEt
9:1, as a solid. M.p= 64°C
1H-NMR (250 MHz, CDCl3) δ 1.2-1.45 (m, 18H); 2.40-2.68 (m, 2H); 3.43-3.59 (s, 1H); 4.55-
4.68 (s, 1H); 5.53-5.62 (m, 1H); 5.71-5.80 (m, 1H); 6.13-6.34 (m, 2H); 6.38-6.46 (d, 1H);
7.12-7.39 (m, 5H).
13C-NMR (62.5 MHz, CDCl3) δ 28.2, 35.1, 51.5, 64.1, 76.5, 77.1, 77.6, 81.3, 126.2, 127.0,
128.4, 129.7, 130.0, 131.7, 131.9, 137.4.
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 7.73 (minor stereoisomer),
8.68 (major stereoisomer).
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Diethyl 1-((1R,2S)-2-(1-phenylvinyl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (5.32) (Entry 2, Table 5.8).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg,
0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was stirred
for 30 minutes at rt. Then a solution of bicyclic hydrazine 5b (48 mg, 0.2 mmol) in MeOH
(1.0 mL), 1-phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and K2CO3 (55.2 mg, 0.4
mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The product was
isolated (Yield= 91%) by column chromatography eluting with hexanes/AcOEt 7:3.
1H NMR (250 MHz, CDCl3) δ 0.95-1.11 (m, 3H); 1.16-1.41 (m, 3H); 2.38-2.69 (m, 2H);
3.79-4.06 (m, 3H); 4.10-4.21 (m, 2H); 4.51-4.73 (br,s, 1H); 5.01-5.11 (d, 1H); 5.15-5.28 (d,
1H); 5.61-5.70 (m, 1H); 5.73-5.81 (m, 1H); 6.03-6.43 (br, 1H); 7.19-7.46 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 14.3, 14.4, 29.7, 35.6, 62.1, 62.3, 64.2, 76.5, 77.0, 77.6,
112.8, 126.6, 127.4, 128.2, 129.8, 131.8, 150.1.
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 12.73 (minor stereoisomer),
17.54 (major stereoisomer).
Diethyl 1-((1R,2S)-2-((E)-styryl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (5.33) (Entry 4, Table 5.8).
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg,
0.006 mmol) and (R)-Tol-BINAP L4 (8.1 mg, 0.012 mmol) in
dioxane:water 10:1 (1.0 mL) was stirred for 30 minutes at rt. Then a solution of bicyclic
hydrazine 5b (48 mg, 0.2 mmol) in dioxane:water 10:1 (1.0 mL), trans-2-phenylvinyl boronic
acid (Aldrich) (59.2 mg, 0.4 mmol) and K2CO3 (55.2 mg, 0.4 mmol) were added. The mixture
was allowed to react for 12 hours at 65°C. The product was isolated (Yield= 90%) by column
chromatography eluting with hexanes/AcOEt 8:2.
1H NMR (250 MHz, CDCl3) δ 0.95-1.11 (m, 3H); 1.16-1.41 (m, 3H); 2.38-2.71 (m, 2H);
3.54-3.68 (br,s, 1H); 4.06-4.29 (m, 4H); 4.61-4.83 (m, 1H); 5.62-5.71 (m, 1H); 5.74-5.81 (m,
1H); 6.11-6.28 (m, 1H); 6.39-6.58 (m, 2H); 7.12-7.39 (m, 5H).
13C NMR (62.5 MHz, CDCl3) δ 14.4, 35.1, 51.3, 62.1, 62.5, 64.7, 76.5, 77.0, 77.5, 126.1,
127.1, 128.4, 129.6, 130.2, 131.2, 131.9, 137.4.
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min,
mobile phase: hexane/isopropanol 90/10, retention times (min): 15.12 (minor stereoisomer),
18.13 (major stereoisomer).
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diethyl 1-((1R,2S)-2-(hex-1-ynyl)cyclopent-3-enyl)hydrazine -
1,2-dicarboxylate (5.37) (Entry 1, Table 5.9).
Using the general procedure described above, [Rh(cod)Cl]2
(2.95 mg, 0.006 mmol) and rac-Monophos L2 (8.64 mg, 0.024
mmol) in MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazines 5b
(48 mg, 0.2 mmol) in MeOH (1.0 mL), 1-hexynyldiisopropylboronate 5.34 (84 mg, 0.4
mmol) and NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 4
hours at 65°C. The product was isolated (Yield= 86%) by column chromatography eluting
with hexanes/AcOEt 8:2, as a oil.
1H NMR (250 MHz, CDCl3) δ 0.78-0.91 (m, 3H); 1.12-1.28 (m, 6H); 1.34-1.48 (m, 4H);
2.05-2.15 (m, 2H); 2.32-2.56 (m, 2H); 3.48-3.60 (br,s, 1H); 4.09-4.22 (m, 4H); 4.78-4.89 (m,
1H); 5.51-5.60 (m, 1H); 5.62-5.70 (m, 1H); 6.31-6.50 (br, 1H).
13C NMR (62.5 MHz, CDCl3) δ 14.4, 14.4, 18.4, 21.8, 29.7, 30.9, 34.6, 39.1, 62.2, 62.6, 65.8,
76.5, 77.0, 77.5, 129.1, 130.6.
1-((1R,2S)-2-(oct-1-ynyl)cyclopent-3-enyl)-4-phenyl-1,2,4-
triazolidine-3,5-dione (5.38) (Entry 2, Table 5.9).
Using the general procedure described above, [Rh(cod)Cl]2
(2.95 mg, 0.006 mmol) and rac-Monophos L2 (8.64 mg, 0.024
mmol) in MeOH (1.0 mL) was stirred for 30 minutes at rt.
Then a solution of hydrazines 5c (48 mg, 0.2 mmol) in MeOH
(1.0 mL), 1-octynyldiisopropylboronate 5.35 (95.2 mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4
mmol) were added. The mixture was allowed to react for 16 hours at 65°C. The product
(conersion= 88%) was isolated (Yield= 55%) by column chromatography eluting with
hexanes/AcOEt 6:4, as a oil.
1H NMR (250 MHz, CDCl3) δ   0.71-0-96 (m, 3H); 1.03-1.52 (m, 8H); 2.07-2.20 (m, 2H);
2.42-2.85 (m, 2H); 3.54-3.59 (br,s, 1H); 4.81-4.49 (m, 1H); 5.59-5.69 (m, 1H); 5.70-5.84 (m,
1H); 7.34-7.58 (m, 5H); 8.60-8.93 (br, 1H).
13C NMR (62.5 MHz, CDCl3) δ  14.1, 18.8, 22.5, 28.5, 28.7, 31.3, 34.9, 39.8, 62.7, 78.4, 83.3,
128.8, 129.1, 130.8, 131.1, 153.1.
N NH
EtOOC
COOEt
N NH
N O
O
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Di-tert-butyl 1-((1R,2S)-2-(hex-1-ynyl)cyclopent-3-enyl)
hydrazine-1,2-dicarboxylate (5.39) (Entry 3, Table 5.9).
Using the general procedure described above, [Rh(cod)Cl]2
(2.95 mg, 0.006 mmol) and rac-Monophos L2 (8.64 mg,
0.024 mmol) in MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of
hydrazines 5e (59.2 mg, 0.2 mmol) in MeOH (1.0 mL), 1-hexynyldiisopropylboronate (84
mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was allowed to
react for 16 hours at 65°C. The product (conversion= 85%) was isolated (Yield= 78%) by
column chromatography eluting with hexanes/AcOEt 8:2, as a oil.
Di-tert-butyl 1-((1R,2S)-2-(oct-1-ynyl)cyclopent-3-
enyl)hydrazine-1,2-dicarboxylate (5.40) (Entry 3,
Table 5.9).
Using the general procedure described above,
[Rh(cod)Cl]2 (2.95 mg, 0.006 mmol) and rac-Monophos L2 (8.64 mg, 0.024 mmol) in MeOH
(1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazines 5e (59.2 mg, 0.2
mmol) in MeOH (1.0 mL), 1-octynyldiisopropylboronate 5.35 (95.2 mg, 0.4 mmol) and
NaHCO3 (33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 16 hours at
65°C. The product was isolated (Yield= 89%) by column chromatography eluting with
hexanes/AcOEt 9:1, as a oil.
1H NMR (250 MHz, CDCl3) δ 0.77-0.89 (m, 3H); 1.16-1.29 (m, 6H); 1.32-1.52 (m, 18H);
2.02-2.16 (m, 2H); 2.39-2.65 (m, 2H); 3.41-3.63 (br,s, 1H); 4.70-4.89 (m, 1H); 5.50-5.59 (m,
1H); 5.60-5.70 (m, 1H); 6.03-6.31 (br, 1H).
13C NMR (62.5 MHz, CDCl3) δ 14.0, 18.8, 22.5, 28.1, 28.1, 28.5, 28.9, 31.3, 34.6, 39.2, 65.7,
81.3, 129.3, 130.6.
N NH
t-BuOOC
COOt-Bu
N NH
t-BuOOC
COOt-Bu
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